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ABSTRACT
G row th  o f  w i l d - t y p e  N e u r o s p o r a  c r a s s a  was  c o m p l e t e l y  
i n h i b i t e d  on s o l i d  medium by 0 .2 5  ;ug/ml benom yl  [ m e t h y l -  
l - ( n - b u t y l c a r b a m o y l ) - 2 - b e n z i m i d a z o l e  c a r b a m a t e ] .  I n  l i ­
q u i d  m edium, c o n c e n t r a t i o n s  o f  benom yl  u p  t o  1 . 5  Aig/ml d i d  
n o t  p r e v e n t  g e r m i n a t i o n  o f  N. c r a s s a  c o n i d i a j  h o w e v e r ,  
h y p h a l  e l o n g a t i o n  was  s u p p r e s s e d  and  t h e r e  was some i n c r e a s e  
i n  d r y  w e i g h t  o f  t r e a t e d  c u l t u r e s  u p  t o  16 h o u r s  a f t e r  a d d i ­
t i o n  o f  b e n o m y l .  C y t o l o g i c a l  s t u d i e s  r e v e a l e d  t h a t  t r e a t e d  
m y c e l i a  e x h i b i t e d  g r o s s  m o r p h o l o g i c a l  d i s t o r t i o n s  w i t h  a  
g r a n u l a r  a p p e a r a n c e  o f  t h e  c y t o p l a s m .  E l e c t r o n  m i c r o s c o p y  
o f  benom yl  t r e a t e d  c e l l s  showed no  a b e r r a t i o n s  o f  m i t o c h o n ­
d r i a ,  n u c l e a r  o r  p l a s m a  membrane o r  e n d o p l a s m i c  r e t i c u l u m ,  
b u t  some i n c r e a s e  i n  t h e  am ount  o f  v a c u o l a t i o n  was  o b s e r v e d  
and  c e l l  w a l l s  w e re  2 - 3  t i m e s  a s  t h i c k  a s  c e l l  w a l l s  o f  n o r ­
m a l  h y p h a e .  C e l l  w a l l  a n a l y s e s  d e m o n s t r a t e d  t h a t  c e l l  w a l l  
s y n t h e s i s  c o n t i n u e d  i n  t h e  p r e s e n c e  o f  benom yl  a nd  t h a t  r e ­
s u l t a n t  c e l l  w a l l  m a t e r i a l  d i f f e r e d  o n l y  s l i g h t l y  i n  com­
p o s i t i o n ,  t h a t  d i f f e r e n c e  b e i n g  i n  t h e  r a t i o  o f  g l u c o s a m i n e  
t o  g a l a c t o s a m i n e .
Benomyl (1  ;u g /m l )  d i d  n o t  a f f e c t  p r o t e i n  s y n t h e s i s  
d u r i n g  a  1 6 - h o u r  p e r i o d  a f t e r  a d d i t i o n  o f  t h e  f u n g i c i d e .  
D e t e r m i n a t i o n  o f  RNA and  DNA c o n t e n t  o f  b e n o m y l -g ro w n  c e l l s  
i n d i c a t e d  t h a t  t h e  e f f e c t s  o f  benom yl  on n u c l e i c  a c i d  s y n ­
t h e s i s  a r e  d e l a y e d  r a t h e r  t h a n  i m m e d i a t e .  I n h i b i t i o n  o f
i x
RNA s y n t h e s i s  by  benom yl  (1  jag /m l)  was 1 0 - 2 0 #  by 4 h o u r s  
and  81#  by  16 h o u r s  a f t e r  t r e a t m e n t .  DNA s y n t h e s i s  was 
r e d u c e d  25#  a t  ^  h o u r s  and  was a l m o s t  t o t a l l y  i n h i b i t e d  by 
16 h o u r s .  I n c o r p o r a t i o n  e x p e r i m e n t s  ( i n  v i v o ) w i t h  l a b e l e d  
n u c l e o t i d e  p r e c u r s o r s  d i d  n o t  show i n h i b i t i o n  o f  n u c l e i c  
a c i d  s y n t h e s i s  u p  t o  2 h o u r s  a f t e r  a d d i t i o n  o f  b e n o m y l ,  d e ­
m o n s t r a t i n g  t h a t  t h e  t o x i c a n t  d i d  n o t  hav e  a  d i r e c t  e f f e c t  
on i n c o r p o r a t i o n  o f  n u c l e o t i d e s  i n t o  p o l y n u c l e o t i d e s .  Mea­
s u r e m e n t  o f  t h e  p o o l  s i z e s  o f  b a s e s ,  n u c l e o s i d e s  an d  n u c l e o ­
t i d e s  h av e  i n d i c a t e d  t h a t  benom yl  c a u s e s  a  r e d u c t i o n  o f  AMP 
and  ADP, a  r e d i s t r i b u t i o n  i n  a m o u n ts  o f  UMP, UDP an d  UTP 
and  an  a c c u m u l a t i o n  o f  U D P - g l u c o s e .  T h e s e  r e s u l t s  i m p l y  
t h a t  b enom yl  i n t e r f e r e s  w i t h  t h e  s y n t h e s i s  o f  n u c l e o t i d e s ,  
p a r t i c u l a r l y  p u r i n e  n u c l e o t i d e s ,  so  a s  t o  d e p l e t e  t h e  s u p p l y  
a v a i l a b l e  f o r  n u c l e i c  a c i d  b i o s y n t h e s i s .  The r a m i f i c a t i o n s  
o f  t h e s e  e f f e c t s  a r e  t h e n  r e f l e c t e d  i n  t h e  f o r m a t i o n  o f  more 
c e l l  w a l l  m a t e r i a l  a n d  i n  t h e  a l t e r a t i o n s  i n  m o r p h o g e n e s i s  
w h ic h  h a v e  b e e n  o b s e r v e d .
S t u d i e s  on a s c o s p o r e  s e g r e g a t i o n  f r o m  s e x u a l  c r o s s e s  
o f  N e u r o s p o r a  i n d i c a t e d  t h e r e  was no  e f f e c t  o f  benom yl  on 
m e i o s i s  o r  m i t o s i s .  F i l t r a t i o n  e n r i c h m e n t  e x p e r i m e n t s  d e ­
m o n s t r a t e d  t h a t  benom yl  h ad  o n l y  v e r y  w eak ,  i f  a n y ,  m u ta ­
g e n i c  p r o p e r t i e s .
B e n o m y l - r e s i s t a n t  m u t a n t s  w ere  s e l e c t e d  f o l l o w i n g  
u l t r a v i o l e t  i r r a d i a t i o n  o f  w i l d - t y p e  N e u r o s p o r a  c o n i d i a .  
G e n e t i c  m a p p in g  o f  15 r e s i s t a n t  m u t a n t s  r e v e a l e d  t h a t  t o l e r ­
a n c e  t o  benom yl  i s  c o n f e r r e d  by a  s i n g l e  gen e  l o c a t e d
x
2 . 9  map u n i t s  f r o m  y l o - 1 . 3 2 .1  u n i t s  f ro m  c h o l - 2  and  1 7 . 9  
u n i t s  f r o m  t r y p - 2  i n  l i n k a g e  g r o u p  6 o f  N e u r o s p o r a . M u t a n t s  
h ad  v a r i a b l e  r e s i s t a n c e  l e v e l s ,  a n d  some w e re  f o u n d  t o  grow 
i n  t h e  p r e s e n c e  o f  g r e a t e r  t h a n  15 Mg/ml b e n o m y l .
INTRODUCTION
Man h a s  b e e n  c o n c e r n e d  s i n c e  a n c i e n t  t i m e s  w i t h  t h e  
p r o t e c t i o n  o f  h i s  c r o p s  a g a i n s t  i n f e c t i o n  by p h y t o p a t h o g e n i c  
f u n g i i  y e t  b e f o r e  t h e  i n t r o d u c t i o n  o f  B o r d e a u x  m i x t u r e  by 
M i l l a r d e t  i n  1881 (C row dy ,  1 9 7 0 ) ,  s u l f u r  was t h e  o n l y  f u n g i ­
c i d e  u s e d  t o  p r o t e c t  f r u i t  t r e e s  and  v e g e t a b l e s .  S i n c e  
1 9 3 4 ,  when T i s d a l e  and W i l l i a m s  p a t e n t e d  t h e  f i r s t  o r g a n i c  
f u n g i c i d e ,  a  d i t h i o c a r b a m a t e  ( M c C a l l e n ,  1 9 6 9 )* a  t r e m e n d o u s  
n um ber  o f  o r g a n i c  compounds p o s s e s s i n g  a n t i f u n g a l  a c t i v i t y  
have  b e e n  s y n t h e s i z e d  o r  i s o l a t e d  f ro m  n a t u r a l  s o u r c e s .
I n  t h e  l a s t  d e c a d e  many o f  t h e s e  o r g a n i c  f u n g i c i d e s  
h av e  b e e n  c o n s i d e r e d  m o s t  p r o m i s i n g  b e c a u s e  o f  t h e i r  s y s ­
t e m i c  p r o p e r t i e s .  F i r s t ,  a p p l i c a t i o n  may be r e s t r i c t e d  t o  
i n f e c t e d  p l a n t s  o n l y ;  s e c o n d l y ,  t h e  mode o f  a c t i o n  i s  d i ­
r e c t e d  a g a i n s t  t h e  p a t h o g e n  a t  t h e  s i t e  o f  i n f e c t i o n .  The 
s y s t e m i c  f u n g i c i d e s  a l s o  c i r c u m v e n t  p r o b l e m s  c a u s e d  by 
i m p e r f e c t  c o v e r a g e  o f  s p r a y s ,  d i l u t i o n  by r a i n f a l l  and  i n ­
a d e q u a t e  c o v e r a g e  o f  new g r o w t h .  The d e s i r a b l e  a t t r i b u t e s  
w h i c h  a  s y s t e m i c  compound d o e s  p o s s e s s  a r e  o b v i o u s t  e f f i ­
c i e n t  t r a n s l o c a t i o n ,  r e s i s t a n c e  t o  d e g r a d a t i o n  o r  d e t o x i f i ­
c a t i o n ,  and  s p e c i f i c  i n t e r f e r e n c e  w i t h  t h e  v i t a l  p r o c e s s e s  
o f  t h e  p a t h o g e n .
I n  t h e  1 9 6 0 ' s  s e v e r a l  b e n z i m i d a z o l e  d e r i v a t i v e s  w e re  
i n t r o d u c e d  a s  s y s t e m i c  f u n g i c i d e s  1 t h e s e  d e r i v a t i v e s  w e re  
a t t r a c t i v e  t o  s c i e n t i s t s  b e c a u s e  t h e y  p o s s e s s e d  w i d e - s p e c t r u m
1
2a n t i f u n g a l  a c t i v i t y  and  low m ammalian  t o x i c i t y .  More r e ­
c e n t l y ,  t h e s e  com pounds  h a v e  become i n c r e a s i n g l y  i m p o r t a n t  
f o r  c o n t e m p o r a r y  a g r i c u l t u r a l  p r a c t i c e s ,  an d  t h e y  have  
s t i m u l a t e d  s c i e n t i f i c  i n t e r e s t  i n  a t t e m p t i n g  t o  d e t e r m i n e  
t h e  m e c h a n i sm s  o f  a c t i o n  e x h i b i t e d  by  t h e s e  c o m pounds .  
B e n o m y l , r a e t h y l - 1 - ( n - b u t y l c a r b a m o y l ) - b e n z i m i d a z o l e c a r b a m a t e , 
i s  one  o f  t h e  b e n z i m i d a z o l e  d e r i v a t i v e s  w h i c h  h a s  shown h i g h  
t o x i c i t y  a g a i n s t  A s c o m y c e t e s  and  some B a s i d i o m y c e t e s .  T h u s ,  
t h i s  i n v e s t i g a t i o n  e x a m i n e s  b e n o m y l ' s  mode o f  a c t i o n  i n  a  
s e n s i t i v e  A s c o m y c e t e ,  N e u r o s p o r a  c r a s s a . The c y t o l o g i c a l  
and b i o c h e m i c a l  e f f e c t s  o f  benom yl  h a v e  b e e n  o b s e r v e d  i n  an  
e f f o r t  t o  e s t a b l i s h  t h e  p r i m a r y  s i t e  o f  i n h i b i t i o n .  I n  
o r d e r  t o  f u r t h e r  c l a r i f y  t h e  f u n g i c i d e - f u n g u s  i n t e r a c t i o n s ,  
t h i s  p r o j e c t  i n c l u d e s  a  s t u d y  o f  t h e  g e n e t i c s  and  c h a r a c ­
t e r i s t i c s  o f  b e n o m y l - r e s i s t a n t  m u t a n t s .
LITERATURE REVIEW
As early as 1951» Horsfall and Rich studied hetero­
cyclic nitrogen compounds for efficacy as fungicides by 
testing their effects on spore germination (Frear, 1955)* 
Included in the group were derivatives of indole, imidazole, 
pyrimidines, acridines and numerous others. The conclusions 
drawn from this study were as followsi 1) unsubstituted 
heterocyclic nitrogen compounds were not very toxic to fungi, 
2) alkyl or aryl substitutions attached to the heterocyclic 
structures increased their fungitoxicity, 3) polar groups, 
such as -NH2, -N02 and -OH, attached to the heterocyclic 
ring increased toxicity, and 4) a change in valence of a ring 
nitrogen from 3 to 5 by producing quaternary ammonium com­
pounds greatly increased antifungal activity (Frear, 1955)*
A l t h o u g h  b e n z i m i d a z o l e  an d  i t s  d e r i v a t i v e s  w e r e  n o t  i n ­
c l u d e d  i n  t h i s  r e p o r t ,  t h e  r e s e a r c h  w h i c h  h a s  b e e n  done  on 
f u n g i t o x i c i t y  o f  b e n z i m i d a z o l e s  i n d i c a t e s  t h a t  t h e s e  c o n c l u ­
s i o n s  a r e  g e n e r a l l y  a p p l i c a b l e ,  a s  w i l l  become e v i d e n t  i n  t h e  
s u c c e e d i n g  d i s c u s s i o n  o f  t h o s e  b e n z i m i d a z o l e  com pounds  w h i c h  
h a v e  shown p r o m i s e  a s  f u n g i c i d e s .  S t r u c t u r e s  o f  b e n z i m i d a ­
z o l e  a n d  d e r i v a t i v e s  a r e  r e v e a l e d  i n  F i g u r e  1 .
Benzimidazole (1,3-benzodiazo.le). Unsubstituted benzi­
midazole has been found inactive against fungi (Fuchs et al., 
1 9 7 0 ;  Edgington et al., 1 9 7 1 ) .  Apparently, the addition of 
substituents on the ring moiety is important for fungal
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F i g u r e  1
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S t r u c t u r e s  o f  b e n z i m i d a z o l e  and  t h e  d e r i v a t i v e s  









6t o x i c i t y .  B e n z i m i d a z o l e  d o e s  i n h i b i t  g r o w t h  o f  y e a s t s  and  
b a c t e r i a  ( W o o l l e y ,  19*44 ) and  t h e  r e p l i c a t i o n  o f  some v i r u s e s  
( H i t c h i n g s  and  E l i o n ,  19631  S t u t z e n b e r g e r  and  P a r l e ,  1 9 7 2 ) j  
h o w e v e r ,  t h e  e f f e c t  on v i r a l  r e p r o d u c t i o n  may w e l l  be t h e  r e ­
s u l t  o f  i n t e r f e r e n c e  w i t h  v i t a l  p r o c e s s e s  i n  t h e  h o s t  c e l l ,  
i . e . ,  n u c l e i c  a c i d  o r  p r o t e i n  s y n t h e s i s  o r  r e s p i r a t i o n .
F u r i d a z o l e  [ 2 - 2 - ( f u r y l ) - b e n z i m i d a z o l e ,  Bay 3 3 1 ? 2 ] .  
E d g i n g t o n  ejt a l .  ( 1 9 7 1 )  r e p o r t e d  t h a t  f u r i d a z o l e  d i s p l a y e d  
a  p a t t e r n  o f  s e l e c t i v e  t o x i c i t y  t o  c e r t a i n  g r o u p s  o f  D e u t e r o -  
m y c e t e s  and  B a s i d i o m y c e t e s  i d e n t i c a l  w i t h  t h a t  o f  two o t h e r  
b e n z i m i d a z o l e s ,  t h i a b e n d a z o l e  [ 2 - ( V - t h i a z o l y l ) - b e n z i m i d a z o l e ]  
and  b e n o m y l .  S u c h  g r o u p  s e l e c t i v i t y  may i n d i c a t e  t h a t  a l l  
t h r e e  compounds have  a  common m echan ism  o f  a c t i o n .  I n  g e n ­
e r a l ,  f u r i d a z o l e  h a s  p r o v e n  l e s s  t o x i c  t o  f u n g i  t h a n  o t h e r  
d e r i v a t i v e s  ( B a r t e l s - S c h o o l e y  and  M a c N e i l l ,  19 7 0 )  s u g g e s t i n g  
t h a t  t h e  s u b s t i t u e n t  a t t a c h e d  t o  t h e  i m i d a z o l e  p o r t i o n  o f  t h e  
m o l e c u l e  a l s o  p l a y s  a  r o l e  i n  t o x i c i t y .
P a r b e n d a z o l e  [ 5 ( 6 ) - n - b u t y l  b e n z i m i d a z o l e c a r b a m a t e ] .  
P a r b e n d a z o l e  h a s  n o t  b e e n  w i d e l y  u s e d  a s  a  s y s t e m i c  f u n g i c i d e  
and M axw ell  and  B rod y  (1 9 7 1 )  hav e  shown i t  t o  be t h e  l e a s t  
a c t i v e  o f  a  g r o u p  o f  b e n z i m i d a z o l e  d e r i v a t i v e s  t e s t e d  on a  
v a r i e t y  o f  p l a n t  and  a n i m a l  p a t h o g e n i c  f u n g i .  A d d i t i o n  o f  a  
b u t y l  m o i e t y  n a r r o w e d  t h e  s p e c t r u m  o f  t o x i c i t y  t h u s  i n c r e a s ­
i n g  s e l e c t i v i t y .
T h i a b e n d a z o l e  [ 2 - ( * 4 - * - t h i a z o l y l ) - b e n z i m i d a z o l e ,  Merck TBZ], 
T h i a b e n d a z o l e  was f i r s t  i n t r o d u c e d  i n  1961 a s  an  a n t h e l m i n t h i c  
(Brown e t  a l . , I 9 6 I ) .  L a t e r ,  R o b in s o n  and c o w o r k e r s  ( 196*4)
7r e p o r t e d  t h a t  t h i a b e n d a z o l e  a c t e d  a s  a  f u n g i c i d e  a g a i n s t  c e r ­
t a i n  p a t h o g e n i c  d e r m a t o p h y t e s  a t  c o n c e n t r a t i o n s  a s  low a s  
1 -8  jug /ml  o f  medium a n d  was  f u n g i s t a t i c  t o  s e v e r a l  s a p r o ­
p h y t e s  a t  1 - 2 0  j a g /m l .  S i n c e  t h e  d i s c o v e r y  t h a t  t h i a b e n d a z o l e  
was  s y s t e m i c  i n  s u g a r  b e e t s  a n d  f u n g i t o x i c  a g a i n s t  C e r c o s p o r a  
( E r w i n ,  1 9 6 9 ) ,  i t  h a s  g a i n e d  r e c o g n i t i o n  a s  a n  e f f e c t i v e  
b r o a d  s p e c t r u m  s y s t e m i c  a g e n t  ( D a i n e s  a n d  S n e e ,  19691  H in e  
e t  a l . . 19691  S o l e l ,  1 9 7 0 |  E d g i n g t o n  e t  a l . , 1971» M a x w e l l  
a n d  B ro d y ,  1 9 7 1 ) .  A c c o r d i n g  t o  a v a i l a b l e  s t u d i e s ,  t h i a b e n ­
d a z o l e  i s  f u n g i s t a t i c ,  r a t h e r  t h a n  f u n g i c i d a l ,  t o  p l a n t  
p a t h o g e n s .  I t  i s  n o t  a s  e f f e c t i v e  a s  b e n o m y l ,  b u t  more  so  
t h a n  e i t h e r  f u r i d a z o l e  o r  p a r b e n d a z o l e  (H in e  e t  a l . , 1969* 
F u c h s  e t  a l . , 1970* B a r t e l s - S c h o o l e y  a n d  M a c N e i l l ,  1971* 
M axw ell  a n d  B r o d y ,  1 9 7 1 ) .  I n  a d d i t i o n  t o  i t s  a n t i f u n g a l  p r o ­
p e r t i e s ,  t h i a b e n d a z o l e  i s  a l s o  a c t i v e  a g a i n s t  some b a c t e r i a ,  
y e a s t s  a nd  A c t i n o m y c e t e s  ( E d g i n g t o n  e t  a l . , 1 9 7 1 ) .
Benomvl [ m e t h y l - l - ( n - b u t y l c a r b a m o y l ) - 2 - b e n z i m i d a z o l e -  
c a r b a m a t e ,  B e n l a t e ,  d u P o n t  19913* I9&7 d u P o n t  de Nem ours
a nd  Co.  i n t r o d u c e d  a  new compound,  benom yl  ( F i g u r e  2 ) ,  w h i c h  
a c t s  a s  a  n e m a t o c i d e  ( M i l l e r ,  1 9 6 9 ) ,  m i t e  o v i c i d e  ( D e l p  a n d  
K l o p p i n g ,  I 9 6 8 ) a n d  a  b r o a d  s p e c t r u m  f u n g i c i d e  h a v i n g  a  
u n i q u e  c o m b i n a t i o n  o f  p r o t e c t i v e ,  c u r a t i v e  ( D a i n e s  a n d  S n e e ,  
1 9 6 9 ) a n d  s y s t e m i c  p r o p e r t i e s .  I t  i s  more  p o t e n t  t h a n  a n y  
o f  t h e  b e n z i m i d a z o l e s  t e s t e d ,  a n d  i t  h a s  e l i c i t e d  c o n s i d e r ­
a b l e  i n t e r e s t  s i n c e  t h e  f i r s t  r e p o r t s  by D e lp  a n d  K l o p p i n g  
( 1 9 6 8 ) .  Benomyl e x h i b i t s  a l m o s t  c o m p l e t e  l a c k  o f  p h y t o ­
t o x i c i t y  ( F u c h s  ejt a l . , 1 9 7 0 )  and  r e s i s t a n t  m u t a n t s  h a v e







b e e n  d i s c o v e r e d  i n  o n l y  a  few p a t h o g e n s  ( S c h r o e d e r  and  P r o v i -  
d e n t i ,  1969* B o l l e n  amd S c h o l t e n ,  197 1 )  • M ost  r e s e a r c h  
g r o u p s  (H in e  e t  a l . , 19691  B o l l e n  and  F u c h s ,  1970» C lem ons 
and  S i s l e r ,  1971* M a xw e l l  and  B ro d y ,  19 7 1 )  h a v e  o b s e r v e d  
t h a t  b enom yl  a c t s  a s  a  f u n g i s t a t  r a t h e r  t h a n  a  f u n g i c i d e .
U s i n g  f u n g i  i n  a l l  t a x o n o m i c  g r o u p s ,  B o l l e n  a nd  F u c h s
(1 9 7 0 )  a n d  E d g i n g t o n  e t  a l .  ( 1 9 7 1 )  e s t a b l i s h e d  t h a t  benom yl  
i s  e f f e c t i v e  a g a i n s t  A s c o m y c e t e s  a n d  some D e u t e r o m y c e t e s  and  
B a s i d i o m y c e t e s .  B e c a u s e  o f  i t s  e x i s t i n g  g r o u p  s p e c i f i c i t y ,  
t h e s e  a u t h o r s  p r o p o s e d  t h a t  t h e r e  m u s t  be some c o r r e l a t i o n  
b e t w e e n  benom yl  s e n s i t i v i t y  and  m o r p h o g e n e s i s  o f  c o n i d i a .
C lem ons  a nd  S i s l e r  ( 1 9 6 9 ) an d  K i l g o r e  and  W h i t e  (1 9 7 0 )  
d e m o n s t r a t e d  t h a t  b eno m yl  i s  r a p i d l y  h y d r o l y z e d  i n  a q u e o u s  
s o l u t i o n  t o  m e t h y l - 2 - b e n z i m i d a z o l e c a r b a m a t e  (MBC, F i g u r e  2 ) .  
F u c h s  e t  a l .  ( 1 9 7 2 )  sh o w e d ,  by  s p e c t r a l  a n a l y s i s  o f  benomyl 
i n  a q u e o u s  s o l u t i o n ,  t h a t  benom yl  was  c o n v e r t e d  t o  MBC i n  
a p p r o x i m a t e l y  4 5  m i n u t e s  a t  pH 4 - 8  a n d  25 C» t h i s  c o n v e r s i o n  
was  a c c e l e r a t e d  by  a l k a l i n e  pH an d  h e a t .  B o i l i n g  o r  a u t o -  
c l a v i n g  s o l u t i o n s  c a u s e d  e x t e n s i v e  r e d u c t i o n  i n  f u n g i s t a t i c  
a c t i v i t y 1 t h e  l o s s  w as  a s c r i b e d  t o  c o n v e r s i o n  o f  MBC t o  a  
n o n - t o x i c  compound s u c h  a s  a m i n o b e n z i m i d a z o l e .
Due t o  t h e  r a p i d  h y d r o l y s i s  o f  benom yl  t o  t h e  more 
s t a b l e  m e t h y l  e s t e r ,  i t  h a s  b e e n  s u g g e s t e d  t h a t  MBC i s  p r i ­
m a r i l y  r e s p o n s i b l e  f o r  t h e  f u n g i t o x i c i t y  o f  b e n o m y l .  T h i s  
t h e o r y  se em s  c r e d i b l e  i n  v i e w  o f  s e v e r a l  o b s e r v a t i o n s .
F i r s t ,  s t u d i e s  c a r r i e d  o u t  on p l a n t s  t r e a t e d  w i t h  benom yl  
r e v e a l e d  t h a t  MBC i s  r a p i d l y  p r o d u c e d  and  s y s t e m i c a l l y
11
t r a n s p o r t e d  i n t o  t h e  f o l i a g e  ( E r w i n ,  19691  S im s  e t  a l . , 19691  
P e t e r s o n  a n d  E d g i n g t o n ,  1 9 7 0 ,  19?1» F u c h s  e t  a l . ,  1 9 7 2 ) .  
C h r o m a t o g r a p h y  o f  p l a n t  e x t r a c t s  showed a  p r e d o m i n a n c e  o f  
MBC w i t h  o n l y  t r a c e  a m o u n t s  o f  benom yl  r e m a i n i n g .  S e c o n d l y ,  
c o m p a r i s o n  o f  t h e  t o x i c i t y  l e v e l s  o f  benom yl  a n d  MBC (Max­
w e l l  a n d  B r o d y ,  197 1 )  d e m o n s t r a t e d  t h a t  t h e  two com pounds  had  
t h e  same m i n i m a l  i n h i b i t o r y  c o n c e n t r a t i o n  v a l u e s  ( t h e  c o n c e n ­
t r a t i o n  i n  w h i c h  t h e  t e s t  o r g a n i s m  w o u ld  no  l o n g e r  g row )  f o r  
10 o u t  o f  11 s e l e c t e d  f u n g i .  C lem ons  a n d  S i s l e r  ( 1 9 6 9 ) 
p r o v i d e d  a d d i t i o n a l  s u p p o r t  by f i n d i n g  t o x i c i t y  l e v e l s  o f  
b en o m y l  a n d  MBC t o w a r d  N. c r a s s a  a nd  R h i z o c t o n l a  s o l a n i  w e re  
e q u a l .  H o w eve r ,  t h e  e f f e c t  o f  benom yl  on S a c c h a r o m y c e s  
p a s t o r i a n u s  was  30 t i m e s  t h a t  o f  MBC. The a u t h o r s  t h e r e f o r e  
p r o p o s e d  t h e  mode o f  a c t i o n  o f  t h e  two compounds was i d e n t i ­
c a l  i n  f u n g i ,  b u t  n o t  i n  y e a s t s .
Mode o f  A c t i o n
The c h a r a c t e r i z a t i o n  o f  t h e  mode o f  a c t i o n  o f  a  f u n g i ­
c i d e  m u s t  i n c l u d e  a  d i s c u s s i o n  o f  t h e  i n t e r a c t i o n s  b e tw e e n  
t h e  f u n g u s  a n d  i t s  i n h i b i t o r .  T h e r e  a r e  many v i t a l  p r o c e s s e s  
c o n t i n u a l l y  f u n c t i o n i n g  w i t h i n  a  g r o w i n g  o r g a n i s m ,  a nd  a l l  
o f  th em  a r e  i n t e r r e l a t e d .  The t a r g e t  o f  i n h i b i t i o n  may i n ­
v o l v e  a n y  one  o r  more  o f  t h e s e  p r o c e s s e s ,  t h u s  i t  seem s  
r e l e v a n t  t o  c o n s i d e r  t h e  a c t i o n  o f  a  t o x i c a n t  u p o n  t h e  v a r i ­
o u s  p a th w a y s  o f  m e t a b o l i s m .  The f o l l o w i n g  d i s c u s s i o n  w i l l  
r e v i e w  w h a t  i s  p r e s e n t l y  known a b o u t  t h e  c y t o l o g i c a l .
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b i o c h e m i c a l  a nd  g e n e t i c  e f f e c t s  o f  b e n z i m i d a z o l e  com pounds  
on c e l l s .
E f f e c t s  on G e r m i n a t i o n  a n d  Growth
S e v e r a l  r e s e a r c h e r s  h a v e  r e p o r t e d  t h a t  b e n z i m i d a z o l e  h a s  
no  e f f e c t  on g e r m i n a t i o n  o r  g r o w t h  o f  f u n g i  ( F u c h s  e t  a l . ,
1 9 7 0 i E d g i n g t o n  e t  a l . , 1 9 7 1 1 S t u t z e n b e r g e r  and  P a r l e ,  1 9 7 2 ) .  
Y e t  W o o l l e y  (19^*0  d i s c o v e r e d  t h a t  g r o w t h  o f  y e a s t s  ( S a c c h a r o -  
m vces  c e r e v i s i a e  and  E ndom yces  v e m a l i s ) and  b a c t e r i a  
(E s c h e r i c h i a  c o l i  and  S t r e p t o c o c c u s  l a c t i s ) was s u p p r e s s e d  
by b e n z i m i d a z o l e .  The c o n c e n t r a t i o n s  n e c e s s a r y  f o r  i n h i b i ­
t i o n ,  h o w e v e r ,  w e re  q u i t e  h i g h  when c o m p a red  t o  t h e  a c t i v i t y  
o f  b e n z i m i d a z o l e  d e r i v a t i v e s  a g a i n s t  f u n g i .
G o t t l i e b  and  Kumar ( 1 9 7 0 )  s t u d i e d  t h e  r e a c t i o n  o f  P e n i -  
c i l l i u m  a t r o v e n e t u m  a n d  A s p e r g i l l u s  o r y z a e  t o  v a r i o u s  c o n ­
c e n t r a t i o n s  o f  t h i a b e n d a z o l e .  I n  b o t h  o r g a n i s m s  m y c e l i a l  
e l o n g a t i o n  was r e s t r i c t e d  and  h y p h a e  became m a l f o r m e d  when 
a s  l i t t l e  a s  2 f i g / m l  t h i a b e n d a z o l e  was a d d e d  t o  p r e g e r m i ­
n a t e d  c u l t u r e s .  Much h i g h e r  l e v e l s  ( 1 0 - ^ 0  ; i g / m l )  w e r e  r e ­
q u i r e d  t o  i n h i b i t  g e r m i n a t i o n  o f  b o t h  f u n g i .  S o l e l  (1 9 7 0 )  
h a s  n o t e d  s i m i l a r  e f f e c t s  on g r o w t h  a n d  g e r m i n a t i o n  o f  
C e r c o s p o r a  b e t i c o l a .
Benom yl ,  h o w e v e r ,  a p p e a r s  t o  hav e  no i n h i b i t o r y  e f f e c t s  
on g e r m i n a t i o n ,  e v e n  a t  h i g h  c o n c e n t r a t i o n s .  D e c a l l o n e  a n d  
M eyer  (1 9 7 2 )  r e p o r t e d  t h a t  benomyl  d i d  n o t  p r e v e n t  g e r m i ­
n a t i o n  i n  F u s a r i u m  o x y sp o ru m  b u t  m e r e l y  r e d u c e d  t h e  r a t e  o f  
germ t u b e  f o r m a t i o n .  L i k e w i s e ,  e a r l y  o b s e r v a t i o n  o f
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N. c r a s s a  t r e a t e d  w i t h  MBC i n d i c a t e d  t h a t  c o n i d i a  h ad  g e r m i ­
n a t e d  b u t  hyphae  had  become l a r g e  and  m i s s h a p e n  (C lem ons  and 
S i s l e r ,  1971)*  T h e s e  r e s u l t s  s u g g e s t  t h a t  b o t h  benomyl and 
MBC f u n c t i o n  t o  impede  e l o n g a t i o n  r a t h e r  g e r m i n a t i o n .
Benomyl and  MBC p r o d u c e  d i f f e r e n t  e f f e c t s  when a d d e d  t o  
c u l t u r e s  o f  S a c c h a r o m v c e s  p a s t o r i a n u s  (H am m e rsch la g  and 
S i s l e r ,  1 9 7 2 ) .  The a d d i t i o n  o f  benom yl  c a u s e d  a  d e c r e a s e  i n  
g r o w t h  b u t  no  m o r p h o l o g i c a l  a b e r r a t i o n s  w e re  o b s e r v e d  and  
c e l l s  w e r e  v i a b l e .  On t h e  o t h e r  h a n d ,  t h e  same a m o u n t s  o f  
MBC p e r m i t t e d  some g r o w t h  b u t  d a u g h t e r  c e l l s  f a i l e d  t o  s e p ­
a r a t e  and  r e s u l t a n t  c e l l  c l u s t e r s  a p p e a r e d  c o n t a i n i n g  e n ­
l a r g e d  c e l l s ,  some o f  w h i c h  w e re  t e r m i n a l l y  e l o n g a t e d .  
V i a b i l i t y  o f  t h e s e  c e l l s  was v e r y  lo w .
C y t o l o g i c a l  E f f e c t s
The p r e v a l e n c e  o f  s w o l l e n  a nd  d i s t o r t e d  germ  t u b e s  o f  
s e n s i t i v e  f u n g i  t r e a t e d  w i t h  t h i a b e n d a z o l e , benom yl  and  MBC 
w as  a c k n o w l e d g e d  i n  t h e  d i s c u s s i o n  a b o v e .  H o w ev e r ,  s e ld o m  
h a s  t h e r e  b e e n  more t h a n  a  p a s s i n g  r e f e r e n c e  t o  t h e  c y t o l o ­
g i c a l  m a l f o r m a t i o n s  w h i c h  m a t e r i a l i z e d .  R ichmond a n d  P r i n g
(1 9 7 1 )  h a v e  p r o v i d e d  e x c e l l e n t  p h o t o m i c r o g r a p h s  and  e l e c ­
t r o n  m i c r o g r a p h s  w h i c h  c l e a r l y  i l l u s t r a t e  m o d i f i c a t i o n  i n  
t h e  u l t r a s t r u c t u r e  o f  B o t r v t i s  f a b a e  grown i n  t h e  p r e s e n c e  
o f  s u b l e t h a l  a m o u n t s  o f  b e n o m y l .  T hey  v e r i f i e d  t h e  p r o d u c ­
t i o n  o f  m i s s h a p e n  germ t u b e s  an d  a l s o  d e t e c t e d  more f r e q u e n t  
b r a n c h i n g  o f  yo u n g  *phae f r o m  t r e a t e d  c o n i d i a .  An i n c r e a s e  
i n  m u l t i p l e  germ t u b e  e m e r g e n c e  was l i k e w i s e  e s t a b l i s h e d ,
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a n d  t h e  c h a n g e s  i n d u c e d  by t h e  t o x i c a n t  w e re  r e v e r s e d  when 
g e r m i n a t i n g  c o n i d i a  w e re  t r a n s f e r r e d  t o  b e n o m y l - f r e e  medium. 
T h i n  s e c t i o n s  a n d  f r e e z e - f r a c t u r e d  r e p l i c a s  r e v e a l e d  a l t e r a ­
t i o n s  i n  e n d o p l a s m i c  r e t i c u l u m  s u c h  t h a t  c o n c e n t r i c  s h e e t s  i n  
n o r m a l  ge rm  t u b e s  a p p e a r e d  a s  a  b r a n c h e d  n e t w o r k  i n  t r e a t e d  
c e l l s .  Some s t r a n d s  o f  e n d o p l a s m i c  r e t i c u l u m  t e r m i n a t i n g  i n  
v e s i c l e s  w e re  n e a r  t h e  p l a s m a  m em brane ,  and  t h e  a u t h o r s  s u g ­
g e s t e d  t h e s e  v e s i c l e s  m i g h t  p l a y  a  r o l e  i n  t h e  m u l t i p l e  
b r a n c h i n g  p r o d u c e d  by  benom yl  t r e a t m e n t .  The o b s e r v e d  i n ­
c r e a s e  i n  lom asom es  was  p r o b a b l y  a  r e f l e c t i o n  o f  m o d i f i c a t i o n  
i n  t h e  e n d o p l a s m i c  r e t i c u l u m .  T h i n  s e c t i o n s  o f  n u c l e i  d i d  
n o t  d i s c l o s e  a n y  d i f f e r e n c e s  b e t w e e n  t r e a t e d  and  u n t r e a t e d  
c o n i d i a ,  b u t  s u r f a c e s  o f  f r e e z e - e t c h e d  n u c l e i  i n  t r e a t e d  
c e l l s  w e re  d e e p l y  l o b e d  and  c o n v o l u t e d  s u g g e s t i n g  some a c t i o n  
o f  benom yl  on t h e  n u c l e u s .  O t h e r  o r g a n e l l e s  w e re  n o t  a f ­
f e c t e d  and  c e l l  w a l l  t h i c k n e s s  was n o t  c h a n g e d
I n  t h e  e l e c t r o n  m i c r o g r a p h s  p r e p a r e d  by S ay  (1 9 7 0 )  on
S .  c e r e v i s i a e  grown i n  t h e  p r e s e n c e  o f  100 Mg/ml b e n o m y l ,  
g r o s s  t r a n s f o r m a t i o n s  i n  m i t o c h o n d r i a l  s t r u c t u r e  w e re  d e ­
t e c t e d .  T r e a t e d  c e l l s  p o s s e s s e d  o n l y  a  few s m a l l  o r g a n e l l e s  
r e s e m b l i n g  t y p i c a l  m i t o c h o n d r i a ,  and  none  w ere  a s  w e l l  
d i f f e r e n t i a t e d  a s  t h o s e  i n  n o r m a l  c e l l s .  S a y ' s  r e s u l t s  im p l y  
t h a t  t h e  m i t o c h o n d r i a  a r e  t h e  t a r g e t s  o f  benomyl  i n h i b i t i o n  
i n  y e a s t .
R e s p i r a t i o n
S l o n i m s k i  (195^*  19 5 6 )  o b s e r v e d  t h a t  b e n z i m i d a z o l e  s u p ­
p r e s s e d  t h e  i n d u c e d  b i o s y n t h e s i s  o f  a  f u n c t i o n a l  r e s p i r a t o r y
15
s y s t e m  i n  y e a s t  c e l l s .  More s p e c i f i c a l l y ,  he f o u n d  t h a t  when 
c e l l s  p r e v i o u s l y  grown a n a e r o b i c a l l y  i n  g a l a c t o s e  and b e n z i -  
m i d a z o l e  w e r e  g rown a e r o b i c a l l y  w i t h  c a r b o h y d r a t e s ,  a d a p t a ­
b i l i t y  ( m e a s u r e d  by  C>2 u p t a k e )  was d r a s t i c a l l y  r e d u c e d .  S e l s  
c o n f i r m e d  t h e s e  r e s u l t s  and  p o s t u l a t e d  t h a t  b e n z i m i d a z o l e  
i n t e r f e r e d  w i t h  a s s e m b l y  o f  r e s p i r a t o r y  a p o p r o t e i n s  f o r  t h e  
f o r m a t i o n  o f  f u n c t i o n a l  h o l o e n z y m e s .  H e n c e ,  i n  t h e  p r e s e n c e  
o f  t h e  t o x i c a n t ,  c a t a l y t i c a l l y  i n a c t i v e  enzyme p r e c u r s o r s  
a c c u m u l a t e d .
The e f f e c t  o f  t h i a b e n d a z o l e  on  r e s p i r a t i o n  i n  P.  a t r o -  
v e n e tu m  was  e l u c i d a t e d  by A l l e n  and  G o t t l i e b  ( 1 9 7 0 ) .  T h e i r  
e x p e r i m e n t s  w i t h  t h e  f u n g u s  and  w i t h  b e e f  h e a r t  a s  w e l l ,  
l o c a l i z e d  t h e  s i t e  o f  i n h i b i t i o n  b e t w e e n  s u c c i n a t e  and  c y t o ­
chrome c .  F u r t h e r  work  d e m o n s t r a t e d  t h a t  s u c c i n i c i c y t o ­
chrome c r e d u c t a s e  was  i n h i b i t e d  by low c o n c e n t r a t i o n s  o f  
t h i a b e n d a z o l e ,  b u t  c y to c h r o m e  c o x i d a s e  was  u n a f f e c t e d .  
I n t e r f e r e n c e  w i t h  r e d u c t i o n  o f  coenzyme by s u c c i n a t e  i n ­
d i c a t e d  t h e  a c t i o n  o f  t h e  f u n g i c i d e  was b e tw e e n  s u c c i n a t e  
a n d  coenzyme Q. I n  c o n t r a s t ,  t h i a b e n d a z o l e  h a d  no  e f f e c t  
on  o x y g e n  u t i l i z a t i o n  by  t h e  B a s i d i o m y c e t e , U. m a y d i s  
(H aram ersch lag  a n d  S i s l e r ,  1973)*
I n  s t u d i e s  on t h e  d i f f e r e n t i a l  a c t i o n  o f  b enom yl  and  
MBC on  S .  p a s t o r l a n u s . H am m e rsc h la g  and  S i s l e r  ( 1 9 7 2 )  n o t i c e d  
t h a t  ben o m y l  i n h i b i t e d  g l u c o s e  a nd  a c e t a t e  o x i d a t i o n s  a t  low 
l e v e l s  o f  t h e  t o x i c a n t  r e c o v e r y  o c c u r r e d  w i t h i n  5 h o u r s  a f t e r  
t r e a t m e n t .  MBC, on t h e  o t h e r  h a n d ,  d i d  n o t  a l t e r  r e s p i r a t i o n  
w i t h  e i t h e r  g l u c o s e  o r  a c e t a t e  a s  s u b s t r a t e s .  T h e s e  r e s u l t s
16
w e re  s u b s t a n t i a t e d  when MBC was  f o u n d  t o  h a v e  no  e f f e c t s  on 
g l u c o s e  o x i d a t i o n  i n  S .  c e r e v i s i a e  and  U. m a v d l s . H o w ev e r ,  
o x y g e n  u p t a k e  w as  i n h i b i t e d  by benom yl  i n  b o t h  o r g a n i s m s  
(H a m m e rsc h la g  and  S i s l e r ,  1973)*  The l e v e l s  o f  i n h i b i t i o n  
w e re  d e p e n d e n t  u p o n  t h e  r a t i o  o f  t o x i c a n t  c o n c e n t r a t i o n  t o  
t h e  n u m b er  o f  c e l l s  p r e s e n t .  T h i s  i s  n o t  s u r p r i s i n g  s i n c e  
i t  i s  r e a s o n a b l e  t h a t  t h e  q u a n t i t y  o f  t o x i c a n t  t a k e n  u p  by 
t h e  c e l l s  i s  d e t e r m i n e d  by  t h e  am ount  o f  t o x i c a n t  p e r  u n i t  
w e i g h t  o f  c e l l s  ( M i l l e r ,  1 9 5 9 ) •
H a m m e rsc h la g  a n d  S i s l e r  (1 9 7 3 )  h a v e  p r o p o s e d  t h a t  one  
o f  t h e  p r o d u c t s  o f  benom yl  d e g r a d a t i o n ,  i n  a d d i t i o n  t o  MBC, 
i s  b u t y l  i s o c y a n a t e .  An a q u e o u s  s o l u t i o n  o f  benom yl  was 
made a n d  a f t e r  s t a n d i n g  8 h o u r s  a  compound e x t r a c t e d  i n  h e x ­
an e  was  i d e n t i f i e d  by  g a s - l i q u i d  c h r o m a t o g r a p h y  a n d  i n f r a ­
r e d  s p e c t r o s c o p y  a s  b u t y l  i s o c y a n a t e .  T h e s e  a u t h o r s  f o u n d  
t h a t  b u t y l  i s o c y a n a t e  i n h i b i t e d  r e s p i r a t i o n  i n  b o t h  S .  c e r e ­
v i s i a e  a n d  U. m a v d i s  i n  a  m a n n e r  s i m i l a r  t o  b e n o m y l i  t h u s  
t h e  a n t i - r e s p i r a t o r y  a c t i v i t y  o b s e r v e d  w i t h  benom yl  was a t ­
t r i b u t e d  t o  t h e  b u t y l  i s o c y a n a t e  m o i e t y  w h i c h  may be f o rm e d  
i n  c e l l s  t r e a t e d  w i t h  t h e  p a r e n t  compound.  The f o r m a t i o n  o f  
b u t y l  i s o c y a n a t e  may e x p l a i n  t h e  d i f f e r e n t i a l  t o x i c i t y  o f  
MBC a nd  benom yl  on  r e s p i r a t i o n  s e e n  e a r l i e r  i n  S .  p a s t o r i -  
a n u s  (H a m m e rsc h la g  a n d  S i s l e r ,  1 9 7 2 ) ,  a n d  t h e  b re a k d o w n  o f  
b u t y l  i s o c y a n a t e  t o  o t h e r  n o n - t o x i c  c o m p o n e n t s  ( i . e . ,  
n - b u t y l a m i n e ) may a c c o u n t  f o r  t h e  r e c o v e r y  w h i c h  o c c u r r e d  
a f t e r  f i v e  h o u r s .
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The d e t r i m e n t a l  c o n s e q u e n c e s  o f  benom yl  on r e s p i r a t i o n  
i n  S .  c e r e v i s i a e  w e re  a l s o  s u b s t a n t i a t e d  by t h e  work o f  Say  
( 1 9 7 0 ) .  W i th  g l u c o s e  a s  a  s u b s t r a t e ,  s h e  was a b l e  t o  demon­
s t r a t e  50% r e d u c t i o n  i n  o x y g e n  u p t a k e  w i t h  benom yl  (6  and  
12 j u g / m l ) ,  w h e r e a s  g r o w t h  o f  t h i s  o r g a n i s m  was i n h i b i t e d  
o n l y  by c o n c e n t r a t i o n s  g r e a t e r  t h a n  50 >ig/ral .  B enom yl-g row n  
c e l l s  w e re  f o u n d  t o  h a v e  an  i m p a i r e d  r e s p i r a t o r y  r a t e  w h ic h  
was s t i l l  s e n s i t i v e  t o  t h e  e f f e c t s  o f  b e n o m y l .
Benomyl l i k e w i s e  s u p p r e s s e d  r e s p i r a t i o n  i n  F .  oxv spo rum  
( D e c a l l o n e  and  M e y e r ,  1 9 7 2 ) .  Among s e v e r a l  enzym es  w h ic h  
w ere  t e s t e d ,  o n l y  L -m a la te iN A D  o x i d o r e d u c t a s e  was s e n s i t i v e  
t o  t h e  f u n g i c i d e .  The a u t h o r s  d i d  n o t  f e e l  t h e  p r i m a r y  
m ech an ism  o f  a c t i o n  o f  benom yl  was t h e  i n h i b i t i o n  o f  r e s p i ­
r a t i o n  s i n c e  l e v e l s  o f  t h e  t o x i c a n t  n e c e s s a r y  t o  d e c r e a s e  
r e s p i r a t o r y  a c t i v i t y  w e re  much h i g h e r  t h a n  t h o s e  w h ic h  a f ­
f e c t e d  g r o w t h .
I n  o r g a n i s m s  o t h e r  t h a n  t h o s e  d i s c u s s e d  a b o v e ,  i . e . ,  
P h y m a t o t r i c h u m  om nivorum (L yd a  and  B u r n e t t ,  197 0 )  and  A s p e r ­
g i l l u s  n i g e r  ( K a a r s  S i j p e s t e i j n ,  1 9 7 0 ) ,  a m o u n ts  o f  benom yl  
much g r e a t e r  t h a n  t h o s e  r e q u i r e d  t o  h a l t  g r o w t h  p r o d u c e d  no 
c h a n g e  i n  r e s p i r a t i o n .  C lem ons  and  S i s l e r  (.1971) f o u n d  no 
e f f e c t  by MBC on g l u c o s e  o x i d a t i o n  i n  N. c r a s s a .
To d a t e  no r e p o r t s  h a v e  a p p e a r e d  w h ic h  d e a l  w i t h  t h e  
p o s s i b l e  r o l e  o f  b e n z i m i d a z o l e  f u n g i c i d e s  i n  u n c o u p l i n g  
o x i d a t i v e  p h o s p h o r y l a t i o n .  J o n e s  and  W atso n  ( 1 9 6 7 ) made a 
s u r v e y  o f  t h e  a c t i v i t y  o f  25  s u b s t i t u t e d  b e n z i m i d a z o l e s  i n  
u n c o u p l i n g .  T h e i r  r e s u l t s  showed t h a t i  1) w i t h  h a l o g e n .
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m ix ed  h a l o g e n  and  a l k y l  a n a l o g u e s ,  u n c o u p l i n g  was p r o p o r ­
t i o n a l  t o  t h e  a c i d i t y  o f  t h e  i m i d a z o l e  g r o u p ,  2)  l o s s  o f  
u n c o u p l i n g  p r o p e r t i e s  c o i n c i d e d  w i t h  a d d i t i o n  o f  -NH2 o r  
-COOH s u b s t i t u e n t s  a t  t h e  5 p o s i t i o n  o r  w i t h  a l k y l a t i o n  a t  
p o s i t i o n  1 o f  t h e  i m i d a z o l e  r i n g ,  3) t h e r e  was no e v i d e n c e  
o f  c o m p le x  f o r m a t i o n  b e tw e e n  b e n z i m i d a z o l e s  and  non-hem e 
i r o n  o r  heme e n z y m e s ,  a n d  *0 o f  a l l  b e n z i m i d a z o l e  d e r i v a ­
t i v e s  t e s t e d ,  5 - d i c h l o r o - 2 - t r i f l u o r o m e t h y l  b e n z i m i d a z o l e  
was m o s t  a c t i v e .  I n  v i e w  o f  t h e s e  r e s u l t s  t h e r e  i s  no 
d e f i n i t i v e  r e a s o n  why any  o f  t h e  b e n z i m i d a z o l e  f u n g i c i d e s  
s h o u l d  be i n h i b i t o r s  o f  o x i d a t i v e  p h o s p h o r y l a t i o n .
M e t a b o l i s m  an d  B i o s y n t h e s i s
When W o o l l e y  (19^*0  r e c o g n i z e d  t h e  r e v e r s a l  o f  b e n z i m i -  
d a z o l e - i n h i b i t e d  g r o w t h  i n  m i c r o o r g a n i s m s  by a d e n i n e  and 
g u a n i n e ,  he t h e o r i z e d  t h a t  b e n z i m i d a z o l e  m i g h t  f u n c t i o n  a s  a 
p u r i n e  a n a l o g u e .  O t h e r  p u r i n e s  ( x a n t h i n e  and  h y p o x a n t h i n e ) ,  
p y r i m i d i n e s  ( u r a c i l )  and  n u c l e o t i d e s  ( a d e n y l i c  a c i d )  w ere  
i n e f f e c t i v e  i n  r e v e r s i n g  b e n z i m i d a z o l e  i n h i b i t i o n  o f  y e a s t  
and  E .  c o l i .  I n  S .  l a c t i s . h o w e v e r ,  u r a c i l  was t h e  m o s t  
a n t a g o n i s t i c .  T h e r e f o r e ,  i t  se em s  c o n c e i v a b l e  t h a t  b e n z i m i ­
d a z o l e  d o e s  i n t e r a c t  i n  some way w i t h  t h e  p a th w a y s  o f  
n u c l e o t i d e  s y n t h e s i s ,  a l t h o u g h  i t  i s  n o t  c l e a r  j u s *  how. I t  
i s  i n t e r e s t i n g  t o  n o t e  t h a t  compounds w h ic h  w o u ld  be more 
a n a l o g o u s  t o  a d e n i n e  o r  g u a n i n e ,  s u c h  a s  14—a m i n o b e n z i m i d a z o l e  
and  ^ - n i t r o b e n z i m i d a z o l e , h a d  a p p r o x i m a t e l y  t h e  same p o t e n c y  
a s  u n s u b s t i t u t e d  b e n z i m i d a z o l e ,  and  5 - a m i n o b e n z i m i d a z o l e  was
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o n e - h a l f  a s  a c t i v e  ( W o o l l e y ,  1 9 ^ * 0 .
B a r t e l s - S c h o o l e y  and  M a c N e i l l  ( 1 9 7 1 )  have  p u b l i s h e d  
i n f o r m a t i o n  p e r t a i n i n g  t o  t h e  r e v e r s a l  o f  b e n o m y l ,  t h i a ­
b e n d a z o l e  and  f u r i d a z o l e  i n h i b i t i o n  i n  F .  o x y s p o r u m . 
F u n g i t o x i c i t y  o f  a l l  t h r e e  compounds  was r e l i e v e d  by a d e n i n e ,  
g u a n i n e ,  h y p o x a n t h i n e , x a n t h i n e ,  a s p a r t i c  a c i d  and  b i o t i n  a t  
pH 8 . 5 .  A t  pH 6 ,  h o w e v e r ,  o n l y  a d e n i n e ,  a s p a r t i c  a c i d  and  
b i o t i n  w e re  e f f e c t i v e .  The i n f e r e n c e s  d raw n  f ro m  t h i s  d a t a  
w e r e i  1) a l l  t h r e e  compounds a c t  i n  a  s i m i l a r  m a n n e r  by 
c o m p e t i n g  w i t h  f r e e  p u r i n e s  and  p r e f o r m e d  n u c l e o t i d e s ,  2)  
r e v e r s a l  by a s p a r t i c  a c i d  i s  due t o  e n h a n c e m e n t  o f  i n o s i n i c  
a c i d  s y n t h e s i s  ( t h e  e f f e c t  o f  b i o t i n  i s  i n d i r e c t  and  w ou ld  
i n c r e a s e  t h e  am ount  o f  a s p a r t i c  a c i d  m a d e ) ,  and 3) t h e  d i f ­
f e r e n t i a l  a n t a g o n i s m  e x h i b i t e d  by m e t a b o l i t e s  a t  pH 6 u n ­
d o u b t e d l y  r e f l e c t s  t h e  r e l a t i v e  a f f i n i t i e s  o f  i n d i v i d u a l  
f u n g i c i d e s  f o r  t h e  enzy m es  i n v o l v e d .
The p o s s i b i l i t y  t h a t  b e n z i m i d a z o l e  may w e l l  be a  p u r i n e  
a n a l o g u e  i s  m o s t  c l e a r l y  i l l u s t r a t e d  by t h e  e f f e c t s  o f  b e n ­
z i m i d a z o l e  on p l a n t  t i s s u e s .  The f a c t  t h a t  b e n z i m i d a z o l e  
r e t a r d s  t h e  s e n e s c e n c e  o f  d e t a c h e d  l e a v e s  h a s  b e e n  n o t i c e d  
by s e v e r a l  i n v e s t i g a t o r s  ( P e r s o n  ejt a l . , 1 9 5 7 1 Wang e t  a l .  , 
1 9 6 l |  Kim, 1 9 7 0 |  Y o s h i d a ,  1 9 7 0 ) .  The phenomenon i s  n o t  w e l l  
u n d e r s t o o d  and  s e v e r a l  t h e o r i e s  have  b e e n  a d v a n c e d  t o  e x p l a i n  
i t ,  one o f  w h ic h  i s  x h a t  b e n z i m i d a z o l e  c a u s e s  an  i n c r e a s e  i n  
t h e  r a t i o  o f  NADP t o  NAD ( M i s h r a  and  Waygood,  19681  G o d a v a r i  
and  Waygood, 1 9 7 0 ) .  NAD i s  known t o  a c c e l e r a t e  t h e  s e n e s ­
c e n c e  o f  d e t a c h e d  w h e a t  l e a v e s  ( Y o s h i d a ,  1 9 7 0 ) ,  an  e f f e c t
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r e v e r s i b l e  by b e n z i m i d a z o l e  b u t  n o t  by NADP.
I n  t h e i r  s t u d i e s  on t h e  m ec h an ism  o f  a c t i o n  o f  b e n z i m i ­
d a z o l e  i n  d e t a c h e d  w h e a t  l e a v e s ,  K a p o o r  and  Waygood ( 196 5 a )  
d e m o n s t r a t e d  t h e  p r e s e n c e  o f  a n  enzy m e ,  b e n z i m i d a z o l e  
n u c l e o t i d e  1 p y r o p h o s p h a t e  p h o s p h o r i b o s y l  t r a n s f e r a s e  ( b e n ­
z i m i d a z o l e  n u c l e o t i d e  p y r o p h o s p h o r y l a s e ) w h ic h  c a t a l y z e d  t h e  
r e a c t i o n *
b e n z i m i d a z o l e  b e n z i m i d a z o l e
+  ^  n u c l e o t i d e
P - r i b o s y l - P P  +
PP
The enzyme c o u l d  be a s s a y e d  i n d i r e c t l y  due  t o  t h e  c o m p e t i t i v e
i n h i b i t i o n  b e tw e e n  b e n z i m i d a z o l e  and  o r o t i c  a c i d  f o r  t h e
o r o t i d i n e - 5 * - p h o s p h a t e  p y r o p h o s p h o r y l a s e ,  w h i c h  was i s o l a t e d
1/4.
i n  t h e  same f r a c t i o n .  I n c u b a t i o n  o f  C - b e n z i m i d a z o l e  w i t h  
w h e a t  embryo h o m o g e n a te s  y i e l d e d  a  p r o d u c t  i d e n t i f i e d  by 
e l e c t r o p h o r e s i s ,  c h r o m a t o g r a p h y  a nd  a b s o r p t i o n  s p e c t r u m  a s  
b e n z i m i d a z o l e  n u c l e o t i d e .  The f o r m a t i o n  o f  t h i s  b e n z i m i ­
d a z o l e  n u c l e o t i d e  may have  many r a m i f i c a t i o n s  i n  t h e  m e t a b o ­
l i s m  o f  c e l l s .  F r i e d m a n  and  H a r r i s  ( 1 9 6 2 ) showed t h a t  
n u c l e o s i d e s  o f  b e n z i m i d a z o l e  and  5 # 6 - d i m e t h y l b e n z i m l d a z o l e  
a r e  p r e c u r s o r s  t o  s y n t h e s i s  o f  v i t a m i n  B12 i n  P r o p i o n i -  
b a c t e r i u m  s h e r m a n i i ,  and  F r i e s  ( K a p o o r  and  Waygood, 1 9 6 5 a )  
h a s  s p e c u l a t e d  t h a t  b e n z i m i d a z o l e  i s  i n c o r p o r a t e d  i n t o  a  
v i t a m i n  B ^ - l i k e  f a c t o r  i n  w h e a t  l e a v e s .  I t  i s  a l s o  p o s s i b l e  
b e n z i m i d a z o l e  n u c l e o t i d e  may co m p e te  w i t h  a d e n i n e  n u c l e o t i d e  
i n  t h e  f o r m a t i o n  o f  n u c l e i c  a c i d s .
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K a p o o r  and  Waygood ( 1 96 5b)  have  s u g g e s t e d  t h a t  b e n z i m i ­
d a z o l e  h a s  a  r o l e  i n  m e t a b o l i s m  o f  n i c o t i n a m i d e  n u c l e o t i d e s .
A p a r t i c u l a t e  f r a c t i o n  o f  w h e a t  l e a v e s  w h ic h  c o n t a i n e d  a 
g l y c o h y d r o l a s e  (NAD n u c l e o s i d a s e )  c a t a l y z e d  t h e  c l e a v a g e  o f  
t h e  p y r i d i n u m  N - r i b o s y l  l i n k a g e  and  a l s o  t h e  s u b s t i t u t i o n  o f  
b e n z i m i d a z o l e  f o r  t h e  n i c o t i n a m i d e  m o i e t y  o f  NAD. A n a l y s i s  
o f  p r o d u c t s  fo rm e d  f ro m  a  r e a c t i o n  m i x t u r e  c o n t a i n i n g  b e n ­
z i m i d a z o l e  r e v e a l e d  t h e  p r e s e n c e  o f  b e n z i m i d a z o l e  n u c l e o s i d e .  
B ased  on t h e i r  o b s e r v a t i o n s ,  t h e  a u t h o r s  p r o p o s e d  t h e  f o l ­
l o w i n g  m ech an ism i
b e n z i m i d a z o l e  b e n z i m i d a z o l e  a d e n i n e
♦ g l y c o h y d r o l a s e  d i n u c l e o t i d e
NAD +
n i c o t i n a m i d e
b e n z i m i d a z o l e  a d e n i n e  b e n z i m i d a z o l e
d i n u c l e o t i d e  n u c l e o t i d a s e  B n u c l e o s i d e
+
NAD
I t  h a s  n o t  y e t  b e e n  d e m o n s t r a t e d  w h e t h e r  b e n z i m i d a z o l e  a d e ­
n i n e  n u c l e o t i d e  i s  p h o s p h o r y l a t e d  t o  become an  a n a l o g u e  o f  
NADP.
A l l e n  and  G o t t l i e b  (1 9 7 0 )  i n v e s t i g a t e d  some o f  t h e  
m e t a b o l i c  e f f e c t s  o f  t h i a b e n d a z o l e  ( o t h e r  t h a n  r e s p i r a t o r y  
e f f e c t s )  i n  P. a t r o v e n e t u m . At  c o n c e n t r a t i o n s  o f  t h i a b e n ­
d a z o l e  w h ic h  i n h i b i t e d  g r o w t h ,  l i t t l e  c h a n g e  was o b s e r v e d  i n
s y n t h e s i s  o f  l i p i d s ,  p r o t e i n s ,  n u c l e i c  a c i d s ,  n u c l e o t i d e s
1*+and  c a r b o h y d r a t e s ,  a s  m e a s u r e d  by i n c o r p o r a t i o n  o f  C -a m in o  
a c i d s  i n t o  v a r i o u s  f r a c t i o n s  e x t r a c t e d  f rom  c e l l s  ( i . e . ,
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t r i c h l o r o a c e t i c  a c i d ,  c h l o r o f o r m i m e t h a n o l ,  e t c . ) .  A l l e n  and 
G o t t l i e b  ( 1 9 7 0 )  a l s o  n o t i c e d  t h a t  i n  v i t r o  p r o t e i n  s y n t h e s i s  
i n  R h i z o c t o n i a  s o l a n i  was n o t  a l t e r e d  by t h e  a d d i t i o n  o f  
t h i a b e n d a z o l e .
The e f f e c t s  o f  benom yl  ( an d  MBC) on b i o s y n t h e s i s  have  
b e e n  more e x t e n s i v e  and  more c o n t r a d i c t o r y  t h a n  t h i a b e n d a ­
z o l e .  T a b l e  I  s u m m a r i z e s  w h a t  i s  now known c o n c e r n i n g  t h e  
i n h i b i t i o n  o f  DNA, RNA and  p r o t e i n  s y n t h e s i s  i n d u c e d  by 
benom yl  a s  w e l l  a s  MBC.
1 /1
I n c o r p o r a t i o n  o f  C - u r a c i l  i n t o  t o t a l  RNA o f  F .  o x y -  
spo ru m  was i n h i b i t e d  a f t e r  i n c u b a t i o n  i n  benom yl  b u t  i n c o r -
l k
p o r a t i o n  o f  C - l y s i n e  i n t o  p r o t e i n  was n o t  a f f e c t e d  
( D e c a l l o n e  a nd  M e y e r ,  1 9 7 2 ) .  I t  a p p e a r s ,  t h e r e f o r e ,  t h a t  i n  
t h i s  o r g a n i s m  benomyl  p a r t i a l l y  p r e v e n t s  de novo  RNA s y n t h e ­
s i s .  S u ch  an  e f f e c t  h a s  b e e n  r e p o r t e d  f o r  b e n z i m i d a z o l e  
( K a p o o r  and  Waygood, 1 9 6 5 a )  w h i c h  was shown t o  c o m p e te  w i t h  
o r o t i c  a c i d  f o r  o r o t i d i n e - 5 ' - p h o s p h a t e  p y r o p h o s p h o r y l a s e  a s  
p r e v i o u s l y  m e n t i o n e d .  H ow ev e r ,  D e c a l l o n e  a n d  M ey er  ( 1 9 7 2 )  
f a i l e d  t o  s e e  any  c o m p e t i t i o n  b e tw e e n  benom yl  and o r o t i c  
a c i d .
1*4-S y n t h e s i s  o f  b o t h  DNA and  RNA a s  m e a s u r e d  by C 
u r i d i n e  i n c o r p o r a t i o n  was a l m o s t  i m m e d i a t e l y  t e r m i n a t e d  by 
benom yl  i n  S .  p a s t o r i a n u s . T r e a t m e n t  w i t h  MBC c a u s e d  a  
r e d u c t i o n  i n  DNA s y n t h e s i s  b u t  o n l y  a f t e r  a  l a g  p e r i o d  o f  
1 h o u r .  RNA s y n t h e s i s  was d e c r e a s e d  o n l y  h0%.  MBC d i d  n o t
I k
a p p r e c i a b l y  a f f e c t  i n c o r p o r a t i o n  o f  C - p h e n y l a l a n i n e  u n t i l  
a f t e r  3 h o u r s  (H am m e rsch la g  and  o i s l e r ,  1 9 7 2 ) .
T a b l e  1 .  The e f f e c t s  o f  benomyl and MBC on n u c l e i c  a c i d  and p r o t e i n  s y n t h e s i s  i n  f u n g i  
and y e a s t s .  Numbers i n  p a r e n t h e s e s  r e p r e s e n t  c o n c e n t r a t i o n  o f  t o x i c a n t  ( i n  
j i g / m l )  a t  w h ich  i n h i b i t i o n  was o b s e r v e d .
Time % I n h i b i t i o n
O rgan ism c o u r s e
o f DNA RNA P r o t e i n
R e f e r e n c e
e x p e r i m e n t
( h o u r s ) Benomyl MBC Benomyl MBC Benomyl MBC
5 .  p a s t o r i a n u s 4 9 5 (1 0 )  9 5 ( 1 0 ) * 9 5 ( 1 0 )  5 0 (1 0 ) 9 5 (1 0 ) 7 0 (1 0 ) Hammerschlag  
and S i s l e r ,  
1972
U. ma.vdis 3 9 6 (8 ) 8 7 ( 8 ) * 6 5 ( 8 ) * Clemons and 
S i s l e r ,  1971
N. c r a s s a 4 ^ 5 ( 8 ) * 0 ( 8 ) 0 (8 ) Clemons and 
S i s l e r ,  1971
6 8 4 ( 8 ) * 1 8 ( 8 ) 0 ( 8 )
3 .  c e r e v i s i a e 4 0 ( 5 ) Hammerschlag  
and S i s l e r ,  
1971
A. n i d u l a n 6 8 1 0 0 ( 0 . 8 ) * 1 0 0 ( 0 . 8 ) * D a v i d s e ,  1973
F . oxysporum 7 7 5 ( 2 0 ) 0 (2 0 ) D e c a l l o n e  and 
M e y e r ,  1972
*




U s i n g  a  s i m i l a r  m e th o d  o f  m e a s u r i n g  DNA, RNA and  p r o t e i n  
s y n t h e s i s ,  C lem ons  and S i s l e r  ( 1 9 7 1 )  s t u d i e d  t h e  e f f e c t  o f  
MBC on U. m a y d i s  and  N. c r a s s a . I n  U. m a y d i s  s t r o n g  i n h i b i ­
t i o n  o f  DNA an d  RNA s y n t h e s i s  was o b s e r v e d  a l t h o u g h  t h e r e  was
a  l a g  i n  t h e  o n s e t  o f  i n h i b i t i o n  o f  RNA s y n t h e s i s .  The same
1 L\,
l e v e l  o f  MBC a l s o  r e d u c e d  i n c o r p o r a t i o n  o f  C - p h e n y l a l a n i n e  
i n t o  p r o t e i n  a f t e r  a  1 - h o u r  l a g .  I n  N. c r a s s a  DNA s y n t h e s i s  
was n o t  a f f e c t e d  u n t i l  3 h o u r s  f o l l o w i n g  a d d i t i o n  o f  b e n o m y l » 
a f t e r  t h a t  t i m e ,  i n c o r p o r a t i o n  p r o g r e s s i v e l y  d e c r e a s e d  t o  
16% o f  c o n t r o l .  The r a t e  o f  RNA s y n t h e s i s  was o n l y  s l i g h t l y  
i n h i b i t e d  and  p r o t e i n  s y n t h e s i s  was u n a f f e c t e d .
E x p e r i m e n t s  w i t h  s y n c h r o n o u s  c u l t u r e s  o f  S .  c e r e v i s i a e  
(H a m m e rsch la g  and  S i s l e r ,  19 7 2 )  r e v e a l e d  t h a t  c e l l s  g rown i n  
t h e  p r e s e n c e  o f  MBC w e re  a b l e  t o  d o u b l e  t h e  i n i t i a l  am ount  o f  
DNA, b u t  f u r t h e r  r e p l i c a t i o n  was i n h i b i t e d .  M i c r o s c o p i c  
e x a m i n a t i o n  d i s c l o s e d  t h a t  t r e a t e d  c e l l s  h ad  r e m a i n e d  f i x e d  
a s  d o u b l e t s  ( j o i n e d  m o t h e r  and  d a u g h t e r  c e l l s ) ,  w h e r e a s  c o n ­
t r o l  c e l l s  h ad  s e p a r a t e d  and  c o n t i n u e d  t o  p r o d u c e  new DNA. 
T h i s  d i s c l o s u r e  s u g g e s t s  MBC d o e s  n o t  a f f e c t  DNA d i r e c t l y  
and  t h a t  i n h i b i t i o n  o f  DNA s y n t h e s i s  i s  s e c o n d a r y .  S i m i l a r  
r e s u l t s  w e re  o b t a i n e d  u s i n g  MBC i n  s y n c h r o n o u s  c u l t u r e s  o f  
U. m a y d i s . D o u b l e t s  a p p e a r e d  w i t h i n  t h e  f i r s t  2 . 5  h o u r s  o f  
i n c u b a t i o n  a nd  t h e n  b e g a n  t o  s e p a r a t e  i n  c o n t r o l  c u l t u r e s  
f o l l o w e d  by r e p l i c a t i o n  o f  DNA i n  t h e  s e p a r a t e d  c e l l s .
T r e a t e d  c e l l s ,  h o w e v e r ,  f a i l e d  t o  d i v i d e  and  t h e  am oun t  o f  
DNA p r e s e n t  r e m a i n e d  t h e  sam e.
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D a v i d s e  (1 9 7 3 )  h a s  e l u c i d a t e d  some i m p o r t a n t  i n f o r m a ­
t i o n  c o n c e r n i n g  t h e  e f f e c t  o f  MBC on n u c l e i c  a c i d  s y n t h e s i s  
i n  A s p e r g i l l u s  n i d u l a n s  m y c e l l a  o f  d i f f e r e n t  a g e s .  He f o u n d  
t h a t  s y n t h e s i s  o f  DNA and  RNA i n  10 h o u r - o l d  c u l t u r e s  was 
i n h i b i t e d  o n l y  * 0 #  and  13# r e s p e c t i v e l y .  I n h i b i t i o n  o f  RNA 
showed a  1 - h o u r  l a g  b e h i n d  o b s e r v e d  r e d u c t i o n  i n  DNA c o n t e n t .  
I n  1 6 - h o u r  c u l t u r e s  t h e r e  was n e a r l y  100# d e c r e a s e  o f  b o t h  
DNA and  RNA. The e f f e c t  o f  MBC on RNA s y n t h e s i s  was e x ­
p l a i n e d  by  t h e  a u t h o r .  I n  10 h o u r - o l d  h y p h a e ,  t h e  RNA c o n ­
t e n t  p e r  mg d r y  w e i g h t  i s  d e c r e a s i n g ,  t h e r e f o r e  RNA s y n t h e s i s  
i s  l e s s  i n h i b i t e d  t h a n  DNA s y n t h e s i s .  I n  1 6 - h o u r  h y p h a e ,  RNA 
and  DNA s y n t h e s e s  w e re  s u p p r e s s e d  t o  t h e  same e x t e n t ,  i n d i ­
c a t i n g  a  c l o s e r  c o r r e l a t i o n  b e tw e e n  DNA and  RNA c o n t e n t .
I t  m i g h t  be m e n t i o n e d  h e r e  t h a t  s e v e r a l  o t h e r  b e n z i m i ­
d a z o l e  d e r i v a t i v e s  hav e  b e e n  i m p l i c a t e d  a s  i n h i b i t o r s  o f  
n u c l e i c  a c i d  s y n t h e s i s .  Egyhezi jet  a l .  ( 1 9 7 0 )  u s e d  5 ( 6 -  
d i c h l o r o - 1 - ( ^ - D - r i b o f u r a n o s y l ) b e n z i m i d a z o l e  t o  p r e v e n t  RNA 
s y n t h e s i s  i n  s a l i v a r y  g l a n d s  o f  C h i ro n o m u s  t e n t a n s . The 
t o x i c a n t  r a d i c a l l y  r e d u c e d  l a b e l i n g  w i t h  c y t i d i n e  and  u r i d i n e  
i n  h e t e r o g e n o u s  c h ro m o s o m a l  RNA w h i l e  o t h e r  RNA s p e c i e s  ( low  
m o l e c u l a r  w e i g h t  RNA, ^ - 5 S  RNA a n d  n u c l e o l a r  RNA) w e re  o n l y  
p a r t i a l l y  a f f e c t e d .  I t  was  s u g g e s t e d  t h a t  t h i s  compound may 
i n a c t i v a t e  one  o f  t h e  RNA p o l y m e r a s e s  o r  a c t  a s  an  a n t a g o n i s t  
t o  p u r i n e  n u c l e o t i d e s .
B u c k n a l l  ( 1 9 6 7 ) f i r s t  s t u d i e d  t h e  e f f e c t s  o f  s e v e r a l  
s u b s t i t u t e d  b e n z i m i d a z o l e s  on RNA m e t a b o l i s m  i n  c a l f  k i d n e y  
and  mouse L - c e l l s ,  and  t h e n  m e a s u r e d  t h e i r  a b i l i t y  t o  s u p p o r t
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RNA and  DNA v i r u s e s .  Compounds t e s t e d  w ere  k , 5 , 6 - t r i c h l o r o -
1 - ^ - D - r i b o f u r a n o s y l  b e n z i m i d a z o l e ,  2 - m e r c a p t o - l - 0 0 - 4 -  
p y r i d e t h y l )  b e n z i m i d a z o l e  and  2 - ^ 4 - h y d r o x y b e n z y l )  b e n z i m i ­
d a z o l e .  B o th  4 , 5 , 6 - t r i c h l o r o - l - / 9 - D - r i b o f u r a n o s y l  b e n z i m i ­
d a z o l e  and  2 - m e r c a p t o - l - (fi- 4 - p y r i d e t h y l )  b e n z i m i d a z o l e  
s u p p r e s s e d  DNA and  RNA s y n t h e s i s  i n  b o t h  t y p e s  o f  c e l l s  and 
t r e a t e d  c e l l s  w e re  n o t  a b l e  t o  s u p p o r t  v i r a l  r e p l i c a t i o n .  
W h i le  2 - ^ - h y d r o x y b e n z y l ) b e n z i m i d a z o l e  had  l i t t l e  o r  no  
e f f e c t  on n u c l e i c  a c i d  p r o d u c t i o n  by h o s t  c e l l s ,  i t  d i d  p r e ­
v e n t  v i r a l  g r o w t h .  P r e s u m a b l y ,  t h i s  compound i s  s p e c i f i c  
f o r  v i r a l  i n d u c e d  RNA s y n t h e s i s ,  p e r h a p s  by i n t e r f e r e n c e  
w i t h  t h e  f o r m a t i o n  o f  a  v i r a l  c o d e d  p o l y m e r a s e .
B u c k n a l l  and  C a r t e r  ( 1 9 6 7 ) showed t h a t  i n h i b i t i o n  o f  
RNA an d  DNA i n  mouse L - c e l l s  by 2 - m e r c a p t o - l - 0®- 4 - p y r i d e t h y l )  
b e n z i m i d a z o l e  was  r e v e r s e d  by  a d d i t i o n  o f  a d e n o s i n e  and 
g u a n o s i n e  b u t  n o t  o r o t i c  a c i d ,  c y t i d i n e  o r  d i m e t h y l - r i b o -  
f u r a n o s y l  b e n z i m i d a z o l e ,  a  co m p o n e n t  o f  v i t a m i n  B1 2 * By 
s e p a r a t i o n  o f  RNA s p e c i e s ,  t h e y  f o u n d  b o t h  tRNA a n d  rRNA 
s y n t h e s e s  h ad  b e e n  i n h i b i t e d .  S u b s e q u e n t  e x p e r i m e n t s  p r o v e d  
t h a t  2 - m e r c a p t o - l - - 4 - p y r i d e t h y l )  b e n z i m i d a z o l e  h ad  no a c ­
t i v i t y  a g a i n s t  RNA p o l y m e r a s e  o r  n u c l e o t i d e  k i n a s e s ,  b u t ,  i n  
f a c t ,  i n h i b i t e d  u p t a k e  o f  n u c l e o s i d e s  i n  b o t h  n o r m a l  and  
t u m o r  c e l l s  ( N a k a t a  and  B a d e r ,  1 9 6 9 )*
C e l l  D i v i s i o n
The i n f o r m a t i o n  c o n c e r n i n g  t h e  i m p a c t  o f  b e n z i m i d a z o l e s  
on m i t o s i s  i s  c o n f l i c t i n g .  G r a c z a  and P o z s a r  ( 1 9 7 0 ) ,  i n
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e x a m i n i n g  r o o t  d e v e l o p m e n t  i n  b e a n  p l a n t s ,  f o u n d  a  
c o n c e n t r a t i o n - d e p e n d e n t  i n h i b i t i o n  by  b e n z i m i d a z o l e  on m ain  
and  l a t e r a l  r o o t  f o r m a t i o n .  The compound i n h i b i t e d  c e l l  
d i v i s i o n  a nd  e l o n g a t i o n  100ft a t  a  c o n c e n t r a t i o n  o f  100 / j g / m l .
C lem ons  and  S i s l e r  (1 9 7 0 )  w e re  t h e  f i r s t  t o  r e c o g n i z e  
t h e  p o s s i b i l i t y  t h a t  MBC m i g h t  a c t  on n u c l e a r  a n d / o r  c e l l  
d i v i s i o n  i n  f u n g i .  S i n c e  t h e  DNA c o n t e n t  o f  N. c r a s s a  
c o n i d i a  i n c r e a s e d  p r i o r  t o  i n h i b i t i o n  o f  s y n t h e s i s ,  i n t e r ­
f e r e n c e  w i t h  s p i n d l e  f o r m a t i o n  o r  m i t o s i s  was c o n s i d e r e d .
The r e s u l t s  o b t a i n e d  w i t h  U. m a y d i s  ( i . e . ,  t h e  im m e d ia te  
i n h i b i t i o n  o f  DNA) d i d  n o t  l e n d  s u p p o r t  t o  s u c h  a  m e c h a n ism .  
H ow eve r ,  t h e  a p p e a r a n c e  o f  c l u s t e r s  o f  e n l a r g e d  c e i l s  w i t h  
low v i a b i l i t y  i n  c u l t u r e s  o f  MBC t r e a t e d  S .  p a s t o r i a n u s  l e d  
H a m m e rsch lag  and  S i s l e r  (1 9 7 2 )  t o  b e l i e v e  c e l l  d i v i s i o n  had  
i n d e e d  b e e n  a f f e c t e d .  C e l l s  g rown i n  benom yl  f o r  a  s h o r t  
t i m e  d i d  n o t  show t h e s e  e f f e c t s ,  p e r h a p s  b e c a u s e  no d i v i s i o n  
was i n i t i a t e d .  I n  l o n g  t e r m  e x p e r i m e n t s  benomyl  t r e a t e d  
c e l l s  r e c o v e r e d i  m o r p h o lo g y  and  v i a b i l i t y  w ere  n o r m a l .
I n  1973» H am m e rsc h la g  and  S i s l e r  e x p l o r e d  t h e  e f f e c t s  o f  
MBC and  benom yl  on U. m a y d i s  and  S .  c e r e v i s i a e . As was d i s ­
c u s s e d  i n  t h e  p r e v i o u s  s e c t i o n ,  M B C - t r e a t e d  y e a s t  c e l l s  w e n t  
t h r o u g h  one r o u n d  o f  DNA r e p l i c a t i o n  j u s t  b e f o r e  m i t o s i s ,  
b u t  became f i x e d  a s  d o u b l e t s .  M i c r o s c o p y  o f  s t a i n e d  c e l l s  
d i s c l o s e d  t h a t  g r o w t h  had  t e r m i n a t e d  w i t h  a  d o u b l e t  c o n ­
t a i n i n g  a  s i n g l e  n u c l e u s ,  h e n c e  m i t o s i s  was i n c o m p l e t e .  
E x p e r i m e n t s  w i t h  U. m a y d i s  d e m o n s t r a t e d  t h a t  e s s e n t i a l l y  t h e  
same r e s p o n s e  had  o c c u r r e d ,  a s  MBC ad d ed  a t  any  t im e  p r i o r
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t o  t h e  o n s e t  o f  c e l l  d i v i s i o n  p r e v e n t e d  c o m p l e t i o n  o f  t h a t  
d i v i s i o n .  The s e a r c h  f o r  p o s s i b l e  e f f e c t s  on t h e  m i t o t i c  
s p i n d l e  was u n s u c c e s s f u l .  I f  benomyl  d i d  a c t  a t  t h i s  s i t e ,  
h o w e v e r ,  i t  m i g h t  e x p l a i n  t h e  r e v e r s a l  o f  benomyl  i n h i b i t i o n  
i n  S .  c e r e v i s i a e  by t h i o l s  (M ai lm an  e t  a l . , 1 9 7 1 ) .
D a v id s e  (1 9 7 3 )  h a s  a l s o  c o n c l u d e d  t h a t  MBC may i n t e r ­
f e r e  w i t h  m i t o t i c  d i v i s i o n .  Upon a d d i t i o n  o f  MBC t o  1 0 - h o u r  
c u l t u r e s  o f  A. n i d u l a n s , t h e  n u m b er  o f  n u c l e i  p e r  germ t u b e  
r e m a i n e d  t h e  sam e ,  a s  o p p o s e d  t o  a  r a p i d  i n c r e a s e  i n  num ber  
i n  c o n t r o l  c e l l s .  DNA s y n t h e s i s  was  i n h i b i t e d  a f t e r  one 
h o u r  b u t  t h e  c a l c u l a t e d  DNA c o n t e n t  p e r  n u c l e u s  r o s e  s h a r p l y  
t o  n e a r l y  t w i c e  t h e  i n i t i a l  c o n t e n t  a f t e r  k  h o u r s .  S t a i n e d  
h y ph ae  r e v e a l e d  t h a t  c h r o m a t i n  i n  t r e a t e d  c e l l s  was c o n ­
t r a c t e d ,  c lu m p ed  and  u n e v e n l y  d i s t r i b u t e d  w h i l e  i n  c o n t r o l  
c e l l s  t h e  c h r o m a t i n  h ad  a  r i n g - s h a p e d  a p p e a r a n c e .  T h e s e  
r e s u l t s  may i n d i c a t e  t h a t  MBC d o e s  a r r e s t  m i t o t i c  a c t i v i t y  
and  t h a t  i n h i b i t i o n  o f  DNA s y n t h e s i s  i s  a n  i n d i r e c t  c o n s e ­
q u e n c e  .
C y t o g e n l c  and  M u t a g e n i c  E f f e c t s
Boyle  (1 9 7 3 )  a t t e m p t e d  t o  d e t e r m i n e  c y t o g e n i c  e f f e c t s  
o f  benomyl  on chrom osom es  o f  A l l u i m  c e p a  and  S e c a l e  c e r a l e . 
The o n l y  a b e r r a t i o n s  l o c a t e d  w e re  l a g g i n g  chromosome f r a g ­
m e n t s  i n  m i t o t i c  c e l l s *  t h e s e  f r a g m e n t s  w ere  p r e s e n t  a t  v e r y  
low f r e q u e n c y  and  a t  c o n c e n t r a t i o n s  o f  benom yl  h i g h e r  t h a n  
recommended f i e l d  a p p l i c a t i o n .  No e f f e c t  on m e i o s i s  was 
e s t a b l i s h e d .
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Benomyl t r e a t m e n t  o f  d i p l o i d  s t r a i n s  o f  A. n i d u l a n s  
d i d  p r o d u c e  a  m ark ed  i n c r e a s e  i n  t h e  e m e r g e n c e  o f  h a p l o i d  
s e g r e g a n t s  ( H a s t i e ,  1 9 7 0 ) .  S e g r e g a t i o n a l  e v e n t s  i n  t h e  
p r e s e n c e  o f  benom yl  a p p a r e n t l y  t o o k  p l a c e  e a r l y  i n  t h e  
g r o w t h  o f  t h e  c o l o n y  due t o  t h e  l a r g e  a r e a s  o c c u p i e d  by t h e  
s e g r e g a n t s .  H a s t i e  c o u l d  n o t  f i n d  an y  e v i d e n c e  o f  m u t a ­
t i o n a l  e v e n t s  r e s u l t i n g  f ro m  e x p o s u r e  t o  t h e  t o x i c a n t ,  b u t  
e i t h e r  chromosome b r e a k a g e  o r  s p i n d l e  i n t e r f e r e n c e  m ig h t  
c a u s e  t h e  i n s t a b i l i t y  o f  A s p e r g i l l u s  d i p l o i d s .
S e i l e r  ( 1 9 7 2 ,  1 9 7 3 a )  a n a l y z e d  t h e  m u t a g e n i c i t y  o f  b e n ­
z i m i d a z o l e  and  s e v e r a l  d e r i v a t i v e s  by t e s t i n g  f o r  f o r w a r d  
m u t a t i o n s  i n  S a l m o n e l l a  t y p h i m u r i u m . The compound,  2 - a m i n o -  
b e n z i m i d a z o l e , was f o u n d  t o  be w e a k l y  m u t a g e n i c j  b e n z i m i ­
d a z o l e ,  MBC and f u r i d a z o l e  w e re  Mr e l a t i v e l y "  m u t a g e n i c
Q
( i . e . ,  5 - 1 0  m u t a t i o n s  p e r  10 c e l l s ) .  U s i n g  v a r i o u s  h i s t i ­
d i n e  a u x o t r o p h s  c o n t a i n i n g  e i t h e r  a  b a s e  s u b s t i t u t i o n  o r  a  
d e l e t i o n  o r  i n s e r t i o n ,  S e i l e r  m e a s u r e d  r e v e r s i o n  f r e q u e n c y  
i n  t h e  p r e s e n c e  o f  b e n z i m i d a z o l e s .  R e v e r t a n t s  o c c u r r e d  o n l y  
i n  t h o s e  s t r a i n s  w i t h  b a s e  s u b s t i t u t i o n s !  h e n c e  m u t a t i o n  
c a u s e d  by t h e s e  a g e n t s  m u s t  h a v e  b e e n  b a s e  s u b s t i t u t i o n s .
I n  an  e f f o r t  t o  p r o v e  t h i s  t h e o r y ,  S e i l e r  (1973*>) i s o l a t e d
and h y d r o l y z e d  DNA a nd  RNA f ro m  E .  c o l i  g rown w i t h  b e n z i m i -  
32d a z o l e  and  . E l e c t r o p h o r e s i s  o f  t h e  h y d r o l y s a t e  r e v e a l e d  
t h e  e x i s t e n c e  o f  a n  a d d i t i o n a l  b a n d  when com p a red  t o  a 
h y d r o l y s a t e  f ro m  c o n t r o l  c e l l s .  The m o b i l i t y  o f  t h e  new 
band c o r r e s p o n d e d  w i t h  t h a t  o f  a  s y n t h e s i z e d  b e n z i m i d a z o l e
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n u c l e o t i d e .  S e i l e r  c o n c l u d e d  t h a t  b e n z i m i d a z o l e  a c t s  a s  a  
m u ta g e n  by r e p l a c i n g  a  b a s e  and  may f u r t h e r  r e s u l t  i n  a  
t r a n s i t i o n  o r  t r a n s v e r s i o n .
D a ssen o y  and  M eyer  (1 9 7 3 )  w e re  a b l e  t o  i s o l a t e  h- k i n d s  
o f  a u x o t r o p h i c  m u t a n t s  f ro m  c o n i d i a  o f  F .  o x v sp o ru m  t r e a t e d  
w i t h  benom yl  a t  5 p g / m l .  No s p o n t a n e o u s  n u t r i t i o n a l  m u t a n t s  
w e re  o b t a i n e d .  A p p a r e n t l y  t h e  m u t a g e n i c  a c t i o n  o f  benomyl  
was m a n i f e s t e d  o n l y  i n  g r o w i n g  c e l l s ,  s i n c e  no  a u x o t r o p h s  
w e re  s e l e c t e d  f ro m  benom yl  t r e a t e d  c o n i d i a  i n  s a l i n e .
MATERIALS AND METHODS
S t r a i n s
N e u r o s p o r a  c r a s s a  w i l d  t y p e  s t r a i n s  s t u d i e d  t h r o u g h o u t  
t h i s  i n v e s t i g a t i o n  w ere  7 4 - 0 R 8 - l a  (FGSC# 988)  and  74 -0R 23-1A  
(FGSC# 9 8 7 ) ,  b o t h  o f  S t .  L aw re n ce  b a c k g r o u n d .  S t r a i n  SF26 
( G r a t z n e r  and  S h e e h a n ,  1 9 6 9 ) was u s e d  some e x p e r i m e n t s  
c o n c e r n i n g  t h e  e f f e c t s  o f  benom yl  on g r o w t h ,  p r o t e i n  s y n ­
t h e s i s ,  i n v e r t a s e  s e c r e t i o n  and  c e l l  w a l l  s y n t h e s i s .  S l i m e  
(FGSC# 1118)  was a l s o  e m p lo y ed  i n  c e r t a i n  s t u d i e s .  The 
a u x o t r o p h i c  s t r a i n s  w h ic h  w ere  u s e d  f o r  s p e c i f i c  p u r p o s e s  
c a r r i e d  t h e  f o l l o w i n g  r e q u i r e m e n t s !  h i s t i d i n e  ( h l s t - 1 ,
FGSC# 6 8 1 ) ,  a d e n i n e  ( a d - 1 . FGSC# 6 7 2 ) ,  p y r i m i d i n e  ( p y r - 3 . 
FGSC# 835)  and  l e u c i n e  ( l e u - 3 . FGSC# 1 1 2 4 ) .  S t r a i n s  u t i l i z e d
p
i n  g e n e t i c  m a p p in g  o f  benom yl  r e s i s t a n t  m u t a n t s  w e re  f l u f f y  
(FG SC # 's  1 6 9 0 ,  1 8 3 8 ) ,  a l c o y  (FG SC # 's  9 9 7 .  9 9 8 ) ,  t r y p - l t y l o - 1  
(FGSC#*s 1 2 0 7 ,  1208)  and  t r y p - 2 i y l o - l i c h o l - 2  (FG SC # 's  2 0 9 1 ,  
2 0 9 2 ) .  A l l  s t o c k  c u l t u r e s  w ere  p r o v i d e d  by t h e  F u n g a l  Ge­
n e t i c s  S t o c k  C e n t e r ,  H um bold t  S t a t e  C o l l e g e  F o u n d a t i o n ,
p
A r e a t a ,  C a l i f o r n i a .  F l u f f y  was f u r n i s h e d  by D r .  D. R.
p
P a r k e r ,  S t a n f o r d  U n i v e r s i t y .  A l l  c u l t u r e s  e x c e p t  f l u f f y  
w e re  s t o r e d  on s i l i c a  g e l  ( P e r k i n s ,  1962)  a t  4 C .
C h e m i c a l s
G l u c o s t a t  r e a g e n t  and  c h i t i n a s e  (S t r e p t y m y c e s  g r i s e u s ) 
w e re  o b t a i n e d  f rom  W o r t h i n g t o n  B i o c h e m i c a l  C o r p . ,
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d i p h e n y l a m i n e  f ro m  F i s h e r  S c i e n t i f i c  C o . ,  and  o r c i n o l  f ro m  
M a t h e s o n ,  C o lem an  and  B e l l .  O r c i n o l  was r e c r y s t a l l i z e d  
b e f o r e  u s e  a c c o r d i n g  t o  t h e  p r o c e d u r e  d e s c r i b e d  by S c h n e i d e r
(1 9 5 7 )*  DNA ( s a l m o n  sp e rm )  and  RNA ( T o r u l a )  w ere  p r o v i d e d  
by C a l  B i o c h e m i c a l s .  A q u a s o l  u n i v e r s a l  l i q u i d  s c i n t i l l a t i o n  
c o c k t a i l  and  C ^ - l e u c i n e  ( u n i f o r m l y  l a b e l e d )  w e re  p u r c h a s e d  
f ro m  New E n g l a n d  N u c l e a r .  Reeve A ng e l  was t h e  s o u r c e  o f
l l i
D E A E - c e l l u l o s e  (Whatman DE-23)* A d e n i n e - 8 - C  and  u r i d i n e -  
5 -H3 w ere  b o t h  p r o v i d e d  by A m e r s h a m / S e a r l e  C o r p .  T e c h n i c a l  
g r a d e  benom yl  £ m e t h y l - l - ( b u t y l c a r b a m o y l ) - 2 - b e n z i m i d a z o l e 3  was 
s u p p l i e d  by E .  I .  d u P o n t  de Nemours and Co. A l l  o t h e r  chem­
i c a l s  w e re  r e a g e n t  g r a d e  and  w ere  o b t a i n e d  f rom  c o m m e r c i a l  
s o u r c e s .
M e d ia
C u l t u r e s  w ere  m a i n t a i n e d  a n d  e x p e r i m e n t s  c a r r i e d  o u t  
u s i n g  V o g e l ' s  c i t r a t e  m in i m a l  s a l t s  s o l u t i o n  (1 9 5 6 )  c o n t a i n ­
i n g  1 . 5 #  s u c r o s e j  i n  a d d i t i o n ,  s o l i d  m e d i a  c o n t a i n e d  1 . 5 #  
a g a r .  Where a u x o t r o p h i c  m u t a n t s  w ere  e m p l o y e d ,  g r o w t h  s u p ­
p l e m e n t s  w e re  a d d e d  i n  t h e  f o l l o w i n g  c o n c e n t r a t i o n s !  a d e n i n e  
s u l f a t e ,  100 jag /m l ;  u r i d i n e ,  100 p g / m l j  c h o l i n e  c h l o r i d e ,  30 
AJg/mli i n d o l e ,  20 j i g / m l j  t r y p t o p h a n ,  150 Mg/mlI  h i s t i d i n e  
HC1, 100 ju g /m l .  U r i d i n e  was u s e d  a s  a  s u p p l e m e n t  f o r  p y r - 3 « 
t r y p - 1  m u t a n t s  w e re  grown on m in i m a l  medium p l u s  i n d o l e ,  and 
medium f o r  t r y p - 2  m u t a n t s  was e n r i c h e d  w i t h  t r y p t o p h a n .  A l l  
c r o s s e s  w e re  c a r r i e d  o u t  on t h e  medium recommended by W e s t e r -  
g a a r d  and M i t c h e l l  (1 9 ^ 7 )  w i t h  2#  s u c r o s e  and  r e q u i r e d  g r o w t h
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f a c t o r s .
When i t  was d e s i r a b l e  t o  i n d u c e  c o l o n i a l  g r o w t h  o f  
N e u r o s p o r a . a  s o r b o s e  medium was e m p lo y e d ,  composed o f  m i n i ­
m al  medium w i t h  1# s o r b o s e  and  0 . 1 #  s u c r o s e  ( o r  0 . 025#  g l u ­
c o s e  and  0 . 0 2  5# f r u c t o s e ) .  The c o m p l e t e  medium u s e d  i n  some 
e x p e r i m e n t s  was s o r b o s e  medium s u p p l e m e n t e d  w i t h  0 . 5 #  y e a s t  
e x t r a c t  and  1# c a s a m in o  a c i d s .  The m e d ia  d e s c r i b e d  by 
B i g g e r  e t  a l .  ( 1 9 7 2 )  w e re  u t i l i z e d  f o r  s l i m e  c u l t u r e s .
G e n e r a l  P r o c e d u r e s
S o u r c e  C u l t u r e s
C u l t u r e s  e m p lo y ed  w e re  m a i n t a i n e d  by p e r i o d i c  t r a n s f e r  
o f  c o n i d i a  o r  v e g e t a t i v e  g r o w t h  t o  s l a n t s  o f  t h e  a p p r o p r i a t e  
medium. They  w e re  i n c u b a t e d  a t  Jk C , t h e n  p r o d u c t i o n  o f  
c o n i d i a  was i n d u c e d  by a l l o w i n g  c u l t u r e s  t o  r e m a i n  a t  room 
t e m p e r a t u r e  i n  t h e  l i g h t  f o r  a t  l e a s t  2 - 3  d a y s .
I n o c u l a
C o n i d i a l  s u s p e n s i o n s  w ere  u s e d  a s  t h e  i n o c u l u m  f o r  a l l  
e x p e r i m e n t s  c a r r i e d  o u t  i n  l i q u i d  m e d i a .  The s u s p e n s i o n s  
w ere  r o u t i n e l y  p r e p a r e d  by a d d i n g  s t e r i l e  w a t e r  t o  s l a n t s  o r  
f l a s k s  c o n t a i n i n g  5 - d a y  o l d  c u l t u r e s  o f  N e u r o s p o r a . A f t e r  
s h a k i n g ,  t h e  l i q u i d  was f i l t e r e d  t h r o u g h  3 l a y e r s  o f  c h e e s e ­
c l o t h  t o  remove  m y c e l i a l  f r a g m e n t s .  E q u a l  a l i q u o t s  o f  t h e  
f i l t e r e d  s u s p e n s i o n  w e re  a d d e d  t o  c o n t r o l  and  benom yl  m e d i a .  
When a  s t a n d a r d i z e d  i n o c u l u m  was d e s i r e d ,  t h e  s p o r e  c o n c e n ­
t r a t i o n  was c a l c u l a t e d  by c o u n t i n g  a  d i l u t i o n  o f  t h e  c o n i d i a l
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s u s p e n s i o n  i n  a  h e m o c y t o m e t e r .
L i q u i d  s l i m e  c u l t u r e s  w e re  i n o c u l a t e d  by t h e  f o l l o w i n g  
p r o c e d u r e i  a  s m a l l  amount  o f  s t e r i l e  b r o t h  medium was ad ded  
t o  e a c h  s l a n t  o f  s l i m e  a nd  c e l l s  were  c a r e f u l l y  s c r a p e d  f rom  
t h e  s u r f a c e  o f  t h e  a g a r .  B r o t h  s u s p e n s i o n s  f rom  s e v e r a l  
t u b e s  w e re  p o o l e d  and  g e n t l y  h o m o g en ize d  by p i p e t t i n g .  
E q u i v a l e n t  v o lu m e s  w e re  t h e n  a s e p t i c a l l y  t r a n s f e r r e d  t o  e a c h  
f l a s k .
A d d i t i o n  o f  Benomyl
Benomyl was d i s s o l v e d  i n  100# e t h a n o l  o r  100#  m e t h a n o l  
i m m e d i a t e l y  b e f o r e  u s e  and  a d d e d  t o  t h e  a u t o c l a v e d  medium 
u s i n g  s t a n d a r d  a s e p t i c  p r o c e d u r e s .  The volume o f  benomyl 
s o l u t i o n  a d d ed  n e v e r  e x c e e d e d  0 . 1 #  ( v / v )  o f  t h e  medium.
G row th  o f  N e u r o s p o r a  i n  L a r g e  Q u a n t i t i e s
B u lk  q u a n t i t i e s  o f  N e u r o s p o r a  u s e d  f o r  amino a c i d  and 
c e l l  w a l l  a n a l y s i s  and  f o r  d e t e r m i n a t i o n  o f  n u c l e o t i d e  p o o l s  
w e re  o b t a i n e d  i n  t h e  f o l l o w i n g  m a n n e r .  Two 9 - l i t e r  v o lu m e s  
o f  V o g e l ' s  m in i m a l  s a l t  s o l u t i o n  w ere  a u t o c l a v e d  i n  1 2 - l i t e r  
c a r b o y s  f o r  1 h o u r .  Upon c o o l i n g ,  1 l i t e r  o f  a  s t e r i l e  10# 
s u c r o s e  s o l u t i o n  was a d d e d .  B o th  c a r b o y s  w ere  i n o c u l a t e d  
w i t h  100 ml c o n i d i a l  s u s p e n s i o n  o f  s t r a i n  SF26 and  i n c u b a t e d  
w i t h  a e r a t i o n  a t  34 C. A f t e r  6 h o u r s  o f  g r o w t h ,  benomyl  was 
a d d e d  t o  one o f  t h e  c a r b o y s  t o  g i v e  a  f i n a l  c o n c e n t r a t i o n  o f  
1 . 5  u g / m l  an d  an  e q u i v a l e n t  amount  o f  e t h a n o l  was  a d d ed  t o  
t h e  c o n t r o l .  G row th  was a l l o w e d  t o  c o n t i n u e  f o r  48 more 
h o u r s .
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M y c e l i a  f ro m  t h e  c o n t r o l  c u l t u r e  w e re  f i l t e r e d  t h r o u g h  
2 l a y e r s  o f  c h e e s e c l o t h ,  w a sh e d  w i t h  i c e  c o l d  w a t e r  and  
p l a c e d  i m m e d i a t e l y  on i c e .  Benomyl t r e a t e d  N e u r o s p o r a  was 
f i l t e r e d  t h r o u g h  Whatman #1  f i l t e r  p a p e r  i n  a  l a r g e  B u c h n e r  
f u n n e l ,  r i n s e d  and  p l a c e d  on i c e .  B o th  s a m p l e s  were  t h e n  
f r o z e n ,  l y o p h i l i z e d  and  w e i g h e d .  U n t r e a t e d  m y c e l i a  were  
g r o u n d  t o  a  f i n e  pow der  i n  a  W i l e y  m i l l ,  w h e r e a s  t r e a t e d  
c e l l s  w e re  g r o u n d  i n  a  m o r t a r  and  p e s t l e .  M y c e l i a l  po w d e rs  
w ere  s t o r e d  a t  k  C u n t i l  u s e .
G row th  C u r v e s
S o l i d  m edium . G row th  r a t e s  i n  t h e  p r e s e n c e  and a b s e n c e  
o f  benom yl  w e re  m e a s u r e d  two w a y s .  A s m a l l  am ount  o f  N e u r o ­
s p o r a  c o n i d i a  was  t r a n s f e r r e d  t o  s o l i d  medium c o n t a i n i n g  
v a r y i n g  c o n c e n t r a t i o n s  o f  b e n o m y l ,  and  m y c e l i a l  g r o w t h  was 
e v a l u a t e d  a t  3^ C by t h e  m e th od  o f  Ryan ejt a l .  ( 1 9 ^ 3 )*
L i q u i d  m edium . G ro w th  o f  S F 2 6 ,  p y r - 3  and  a d - 1  was  a l s o  
f o l l o w e d  i n  l i q u i d  medium. N e p h e l o m e t e r  f l a s k s  c o n t a i n i n g  
m in i m a l  o r  s u p p l e m e n t e d  m e d i a  and  v a r i o u s  a m o u n ts  o f  benom yl  
w e re  i n o c u l a t e d  and  a l l o w e d  t o  i n c u b a t e  a t  30 C on a  r o t a r y  
s h a k e r .  The q u a n t i t y  o f  c e l l  m a t e r i a l  p r e s e n t  was e s t i m a t e d  
p e r i o d i c a l l y  on a  K l e t t - S u m m e r s o n  c o l o r i m e t e r  u s i n g  f i l t e r  
# 5 ^ .
The e f f e c t  o f  benom yl  on s l i m e  was  a s s a y e d  i n  a  s i m i l a r  
m a n n e r  e x c e p t  t h a t  r e a d i n g s  w e re  t a k e n  u s i n g  f i l t e r  # 6 6 .
A s s a y  M e th o d s
P r o t e i n  c o n c e n t r a t i o n  was d e t e r m i n e d  by t h e  m e th o d  o f
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Lowry e t  a l .  (1 9 5 1 )  o r  by a b s o r b a n c e  a t  280 nra. T o t a l  h e x o s e  
was  m e a s u r e d  a c c o r d i n g  t o  t h e  p r o c e d u r e  o f  D u b o i s  ejt a l .  
( A s h w e l l ,  1966)  w i t h  g l u c o s e  a s  a  s t a n d a r d .  H ex osam in e  was 
e s t i m a t e d  by a  m o d i f i e d  E l s o n  and  Morgan m ethod  ( D a v i d s o n ,  
1 9 6 6 ) .  G l u c o s t a t  r e a g e n t  was e m p lo y ed  i n  t h e  a s s a y  f o r  g l u ­
c o s e .  D e t e r m i n a t i o n s  o f  e x t r a - l a b i l e ,  l a b i l e  and  s t a b l e  
p h o s p h o r u s  w ere  made u s i n g  t h e  t e c h n i q u e  o f  F i s k e  and  
SubbaRow ( L e l o i r  and  C a r d i n i ,  1 9 5 7 ) .  O r c i n o l  and  d i p h e n -  
y l a m i n e  r e a g e n t s  w e re  e m p lo y ed  i n  t h e  e v a l u a t i o n  o f  RNA and 
DNA, r e s p e c t i v e l y  ( S c h n e i d e r ,  1957)*
Amino A c id  A n a l y s i s
Two rag o f  l y o p h i l i z e d  m y c e l i a l  pow der  o r  c r u d e  c e l l  w a l l  
p r e p a r a t i o n  w ere  p l a c e d  i n  t u b e s  w i t h  2 ml o f  6 N HC1. The 
t u b e s  w ere  s e a l e d  u n d e r  vacuum and  s a m p l e s  w ere  h y d r o l y z e d  
a t  100 C f o r  24 h o u r s .  A f t e r  t h e  t u b e s  w e re  o p e n e d ,  t h e  
s a m p l e s  w ere  d r i e d  i n  a  vacuum d e s i c c a t o r  o v e r  NaOH and  
HgSO^. D r i e d  s a m p l e s  w e re  d i s s o l v e d  i n  1 ml o f  0 . 2  M c i t r a t e  
b u f f e r ,  pH 2 . 2 ,  and  t h e n  0 . 1  ml o f  t h e  s o l u t i o n  was u s e d  f o r  
amino a c i d  a n a l y s i s .  The t e c h n i q u e s  o f  Spackman e t  a l .
( 1 9 5 8 )  w ere  f o l l o w e d  f o r  t h e  a n a l y s e s  on a  Beckman S p i n c o  
Model  120C amino  a c i d  a n a l y z e r .
H y d r o l y s i s  f o r  C a r b o h y d r a t e  D e t e r m i n a t i o n
Two ml o f  3 N HC1 were  a d d e d  t o  2 mg o f  l y o p h i l i z e d  
m y c e l i a l  pow d er  o r  c e l l  w a l l  p r e p a r a t i o n .  T u b e s  w e re  s e a l e d  
u n d e r  vacuum and t h e  c o n t e n t s  w e re  h y d r o l y z e d  f o r  3 o r  6 
h o u r s  a t  100 C. The t u b e s  w e re  o p e n e d  and  d r i e d  u n d e r  vacuum
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w i t h  NaOH a n d  HgSO^. S a m p le s  w e re  t h e n  r e d i s s o l v e d  i n  2 ml 
o f  d i s t i l l e d  w a t e r .
C y t o l o g i c a l  M e th o d s
L i g h t  M i c r o s c o p y
The e f f e c t s  o f  benom yl  on m o r p h o lo g y  and  d e v e l o p m e n t  
w e re  i l l u s t r a t e d  i n  t h e  f o l l o w i n g  wayi benom yl  ( o r  an  
e q u i v a l e n t  am ount  o f  m e t h a n o l )  was  a d d e d  t o  50 ml c u l t u r e s  
o f  7^A a t  t h e  t i m e  o f  i n o c u l a t i o n ,  and  t h e n  c u l t u r e s  w ere  
i n c u b a t e d  a t  C on  a  r o t a r y  s h a k e r .  A l i q u o t s  w e re  a s e p -  
t i c a l l y  rem oved  a t  1 ,  2 ,  *+, 6 ,  8 a nd  12 h o u r s  a f t e r  i n o c u l a ­
t i o n .  Wet m o u n ts  w e re  made f ro m  e a c h  c u l t u r e  and  p h o t o ­
m i c r o g r a p h s  w e re  t a k e n  u s i n g  a  B a u sc h  and  Lomb m i c r o s c o p e  
w i t h  a n  o i l  i m m e r s i o n  l e n s .
E l e c t r o n  M i c r o s c o p y
N e u r o s p o r a  SF26 was grown i n  m in i m a l  medium c o n t a i n i n g  
2# m a n n i t o l  ( t o  m a i n t a i n  i s o t o n i c  c o n d i t i o n s )  f o r  6 h o u r s  a t  
30 C. Benomyl was a d d e d  t o  g i v e  f i n a l  c o n c e n t r a t i o n s  o f  0 . 2 ,  
0 . 5  and  1 . 5  M g/m l.  C u l t u r e s  w e re  f u r t h e r  i n c u b a t e d  f o r  2k  
h o u r s .  M y c e l i a  w e re  h a r v e s t e d  by c e n t r i f u g a t i o n  and  f i x e d  i n  
3# g l u t a r a l d e h y d e  p l u s  5# s u c r o s e  i n  S o r e n s o n ’ s  (1 9 0 9 )  p h o s ­
p h a t e  b u f f e r  f o r  2 t o  k  h o u r s  a t  k  C. C e l l s  w e re  t h e n  w a sh e d  
o v e r n i g h t  a t  k  C i n  S o r e n s o n ’ s  b u f f e r  c o n t a i n i n g  5^ s u c r o s e .  
P o s t  f i x a t i o n  was c a r r i e d  o u t  f o r  l i  t o  2 h o u r s  i n  OsO^ w i t h  
5# s u c r o s e  i n  S o r e n s o n ’ s  b u f f e r .  F o l l o w i n g  d e h y d r a t i o n  w i t h  
g r a d e d  c o n c e n t r a t i o n s  o f  e t h a n o l ,  t h e  c e l l s  w e re  i n f i l t r a t e d
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w i t h  e t h a n o l - S p u r r  and  S p u r r  a l o n e .  E m bedd ing  was done  i n  
f r e s h  S p u r r  and  c a p s u l e s  w ere  p o l y m e r i z e d  a t  70 C f o r  8 
h o u r s .  S e c t i o n s  o f  s i l v e r  o r  s i l v e r - g r a y  i n t e r f e r e n c e  c o l ­
o r s  w e re  c u t  on  a n  LKB m ic r o to m e  u s i n g  a  D up on t  d iam ond  
k n i f e .  They  w ere  p o s t - s t a i n e d  w i t h  s a t u r a t e d  u r a n y l  a c e t a t e  
i n  95% e t h a n o l  and  t h e n  w i t h  R e y n o l d ' s  l e a d  c i t r a t e .  S e c ­
t i o n s  w e re  e x a m in e d  on an  RCA EMU-3-G e l e c t r o n  m i c r o s c o p e .
S l i m e  c u l t u r e s  w ere  a l l o w e d  t o  i n c u b a t e  a t  30 C on a  
r o t a r y  s h a k e r  f o r  72 h o u r s *  a f t e r  w h ic h  benom yl  was a d d e d  t o  
g i v e  0 . 2  a n d  0 . 5  u g / m l .  I n c u b a t i o n  was c o n t i n u e d  f o r  an 
a d d i t i o n a l  12 h o u r s ,  c e l l s  w e re  c o l l e c t e d  by c e n t r i f u g a t i o n ,  
and  f i x e d ,  embedded and  s t a i n e d  a c c o r d i n g  t o  p r o c e d u r e s  
d e s c r i b e d  by  B i g g e r  ejt a l .  ( 1 9 7 2 ) .
E x p e r i m e n t a l  O u t l i n e
Membrane P e r m e a b i l i t y
C u l t u r e s  o f  w i l d  t y p e  N e u r o s p o r a  w e re  i n c u b a t e d  f o r  6 
h o u r s  a t  30 C and  benom yl  was a d d e d  t o  one  f l a s k  t o  g i v e  
1 ;ug /m l  f i n a l  c o n c e n t r a t i o n .  A f t e r  8 and  2k  h o u r s ,  a l i q u o t s  
w e re  r em ov ed  f ro m  t h e  c o n t r o l  and  t r e a t e d  c u l t u r e s  and  c e n ­
t r i f u g e d  t o  s e d i m e n t  m y c e l i a .  The a b s o r b a n c e  o f  t h e  s u p e r ­
n a t a n t  f l u i d  ( m e d i a )  was m e a s u r e d  a t  260 nm and  280 nm and 
t h e n  a s s a y s  f o r  l a b i l e  p h o s p h o r u s  w ere  p e r f o r m e d  on t h e s e  
a l i q u o t s .  C u l t u r e s  o f  s l i m e  w e re  u s e d  i n  a  s i m i l a r  e x p e r i ­
m ent  e x c e p t  t h a t  benom yl  was a d d e d  a t  8 h o u r s ,  and  a l i q u o t s  
w e re  rem oved  i m m e d i a t e l y  a f t e r  benom yl  was a d d e d  and t h e n  
a f t e r  8 and ?k more h o u r s .  Only  a b s o r b a n c e  was m e a s u r e d  on
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t h e s e  s a m p l e s .
C e l l  W a l l  A n a l y s i s
To d e t e r m i n e  t h e  e f f e c t  o f  benomyl  on c e l l  w a l l  s y n ­
t h e s i s ,  1 . 5  g ram s  o f  l y o p h i l i z e d  m y c e l i a l  pow der  f rom  c o n ­
t r o l  and  t r e a t e d  c u l t u r e s  was t r e a t e d  f o r  i s o l a t i o n  and 
f r a c t i o n a t i o n  o f  c e l l  w a l l  m a t e r i a l  (M ahadevan  and  Ta tum ,  
1 9 6 5 )* F r a c t i o n s  w e r e  l y o p h i l i z e d ,  w e ig h e d  and  a n a l y z e d  f o r  
c o n t e n t  o f  p r o t e i n ,  t o t a l  h e x o s e ,  g l u c o s e ,  h e x o s a m in e  and 
a c e t y l  h e x o s a m i n e .  F o r  c o m p a r a t i v e  p u r p o s e s ,  w h o le  m y c e l i a l  
p o w d e r ,  c r u d e  c e l l  w a l l  m a t e r i a l  and s e v e r a l  s a m p l e s  o f  
f r a c t i o n a t e d  c e l l  w a l l  w e re  s u b j e c t e d  t o  h y d r o l y s i s  p r i o r  t o  
c a r b o h y d r a t e  and  am ino  a c i d  a n a l y s i s .  F r a c t i o n  IV ( c h i t i n )  
was a l s o  t r e a t e d  w i t h  c h i t i n a s e .  F i v e  mg o f  f r a c t i o n  IV w ere  
p l a c e d  i n  a  f l a s k  c o n t a i n i n g  1 u n i t  ( 0 . 0 2 5  mg) o f  c h i t i n a s e  
i n  25  ml o f  0 . 0 5  M p h o s p h a t e  b u f f e r ,  pH 5*0* T h i s  m i x t u r e  
was i n c u b a t e d  on a  r o t a r y  s h a k e r  a t  37 C f o r  *4-8 h o u r s .  The 
l i q u i d  was t h e n  f i l t e r e d  t o  remove u n d i g e s t e d  d e b r i s  and  
a s s a y e d  f o r  c o n c e n t r a t i o n  o f  N - a c e t y l  g l u c o s a m i n e .
I n v e r t a s e  P r o d u c t i o n
F o u r  f l a s k s  c o n t a i n i n g  m in i m a l  m e d i a  w ere  i n o c u l a t e d  
w i t h  ?4A c o n i d i a .  One f l a s k  s e r v e d  a s  a  c o n t r o l ,  a  s e c o n d  
had  benom yl  ( 1 . 5  ^ g / m l )  a d d e d  a t  t h e  t im e  o f  i n o c u l a t i o n  and  
a  t h i r d  h ad  benom yl  ( 1 . 5  p g / m l )  a d d e d  6 h o u r s  a f t e r  i n o c u l a ­
t i o n .  C u l t u r e s  w e re  i n c u b a t e d  J6  h o u r s  a t  3^ C on a  r o t a r y  
s h a k e r .  M y c e l i a  w e re  f i l t e r e d ,  w a s h e d ,  l y o p h i l i z e d  and 
w e i g h e d .
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I n v e r t a a e  was e x t r a c t e d  f ro m  0 . 0 5  g m y c e l i a l  pow der  by 
s t i r r i n g  i n  0 . 0 7 5  M a c e t a t e  b u f f e r  (pH 4 . 2 )  f o r  l i  h o u r s  a t  
4 C. T h i s  s u s p e n s i o n  was c e n t r i f u g e d  t o  s e d i m e n t  m y c e l i a i  
t h e  s u p e r n a t a n t  was rem oved  and  a s s a y e d  f o r  i n v e r t a s e  a c t i v ­
i t y  by t h e  m e th o d  o f  M e t z e n b e r g  (1 9 6 2 )  a s  m o d i f i e d  by 
Meachum e t  a l .  (1 9 71 )*
R e v e r s a l  o f  I n h i b i t i o n
A t t e m p t s  t o  r e v e r s e  t h e  i n h i b i t o r y  e f f e c t s  o f  benom yl  
w e re  c a r r i e d  o u t  i n  two w a y s .  F l a s k s  w e re  p r e p a r e d  s u c h  
t h a t  t h e y  c o n t a i n e d i  a )  l i q u i d  m in i m a l  m e d i a ,  b )  m e d ia  p l u s  
s u p p l e m e n t  (1 0 0  j u g / m l ) ,  c )  m e d ia  p l u s  benom yl  ( 0 . 5  p g / m l ) ,  
d)  m e d i a  p l u s  ben om yl  a nd  s u p p l e m e n t  (1 0 0  j i g / m l ) .  E ac h  f l a s k  
was i n o c u l a t e d  w i t h  c o n i d i a  f ro m  74A a nd  a l l o w e d  t o  i n c u b a t e  
on a  r o t a r y  s h a k e r  a t  30 C. A f t e r  48 h o u r s  c u l t u r e s  were  
f i l t e r e d ,  w a sh e d  w i t h  d i s t i l l e d  w a t e r ,  l y o p h i l i z e d  and 
w e i g h e d .
I n  a n o t h e r  e x p e r i m e n t ,  p l a t e s  w e re  p r e p a r e d  w i t h  s o l i d  
m e d i a  and  1 u g / m l  b e n o m y l .  P l a t e s  w e re  s m e a r e d  w i t h  e q u a l  
a m o u n ts  o f  a  c o n i d i a l  s u s p e n s i o n  o f  74A and  t h e n  s t e r i l e  
s o l u t i o n s  o f  t e s t  compounds  w e re  a d d e d  d r o p w i s e  t o  g i v e  v a r y ­
i n g  c o n c e n t r a t i o n s .  P l a t e s  w e re  i n c u b a t e d  a t  Jk C f o r  2 d a y s  
and  o b s e r v e d  f o r  g r o w t h .
F o r  a  t h i r d  t y p e  o f  e x p e r i m e n t ,  p l a t e s  w e re  p r e p a r e d  a s  
o u t l i n e d  a b o v e .  A l i q u o t s  o f  t e s t  s o l u t i o n s  w e re  p l a c e d  on 
t h e  s u r f a c e  o f  t h e  a g a r  a n d  a l l o w e d  t o  p e n e t r a t e .  When t h e  
s u r f a c e  was d r y ,  one  l o o p f u l  o f  c o n i d i a l  s u s p e n s i o n  was add ed
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t o  t h e  c e n t e r  o f  t h e  a g a r  p l a t e .  P l a t e s  w e re  i n c u b a t e d  a t  
34 C f o r  12 h o u r s  a n d  t h e  d i s t a n c e  was m e a s u r e d  f ro m  t h e  
p o i n t  o f  i n o c u l a t i o n  t o  t h e  p e r i m e t e r  o f  m y c e l i a l  g r o w t h .
I n c o r p o r a t i o n  E x p e r i m e n t s
W i ld  t y p e  s t r a i n  ?4A was u s e d  t o  m e a s u r e  i n c o r p o r a t i o n
14 14 3o f  C - l e u c i n e ,  C - a d e n i n e  and  H - u r i d i n e  i n t o  p r o t e i n  and
n u c l e i c  a c i d s ,  r e s p e c t i v e l y .  C o n i d i a  w e re  a d d e d  t o  25 o r  
50 ml o f  m e d i a  t o  g i v e  1 - 2  x 10^  c o n i d i a / m l  o f  medium. The 
c u l t u r e s  w e re  i n c u b a t e d  on a  r o t a r y  s h a k e r  a t  34 C f o r  6 
h o u r s .  A t  t h e  e n d  o f  t h i s  p e r i o d  benom yl  i n  m e t h a n o l  was 
p i p e t t e d  i n t o  o n e - h a l f  t h e  num ber  o f  f l a s k s  t o  g i v e  a  f i n a l  
c o n c e n t r a t i o n  o f  1 ju g /m l .  C u l t u r e s  w ere  i n c u b a t e d  f o r  5 
m i n u t e s  and  t h e n  l a b e l e d  p r e c u r s o r  was a d d e d  t o  g i v e  a p p r o x ­
i m a t e l y  3000 cpm/ml o f  m e d i a .  A t  2 m i n u t e s ,  5 m i n u t e s ,  30 
m i n u t e s ,  1 h o u r ,  and  2 h o u r s  a f t e r  a d d i t i o n  o f  l a b e l ,  one 
f l a s k  e a c h  o f  c o n t r o l  a n d  t r e a t e d  c u l t u r e s  w e re  rem oved  and  
t h e i r  m e t a b o l i s m  t e r m i n a t e d  by  a d d i t i o n  o f  c o l d  t r i c h l o r o ­
a c e t i c  a c i d  (TCA) t o  g i v e  5% f i n a l  c o n c e n t r a t i o n .  M y c e l i a  
w e re  f i l t e r e d ,  w a sh e d  t h o r o u g h l y  w i t h  2 t o  3 v o l u m e s  o f  
w a t e r ,  l y o p h i l i z e d  and  w e i g h e d .  D r i e d  s a m p l e s  w e re  homo­
g e n i z e d  f o r  1 m i n u t e  i n  c o l d  TCA i n  a  S o r v a l l  O m nim ixer  s e t  
a t  maximum s p e e d .  The h o m o g e n a te s  w ere  t h e n  c e n t r i f u g e d  a t  
2 7 , 0 0 0  x  g  t o  rem ove p r e c i p i t a t e d  p r o t e i n  and  n u c l e i c  a c i d  
and  t h e n  s u p e r n a t a n t  r e m o v e d .  P e l l e t s  w e re  w a sh e d  w i t h  5#
TCA1 s u p e r n a t a n t  a n d  w ash  w e r e  p o o l e d  and  a l i q u o t s  rem oved  
f o r  r a d i o a c t i v e  c o u n t i n g  i n  A q u a s o l  u s i n g  a Beckman T r i C a r b
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L i q u i d  S c i n t i l l a t i o n  C o u n t e r *  Model  L S 20 0 .  The p e l l e t s  w e re  
r e s u s p e n d e d  i n  95% e t h a n o l  and  i n c u b a t e d  a t  *4-0-50 C f o r  30 
m i n u t e s .  A f t e r  c e n t r i f u g a t i o n  and  r e m o v a l  o f  t h e  s u p e r n a t a n t ,  
t h e  p e l l e t s  w e re  r e s u s p e n d e d  i n  e t h a n o l i e t h e r  ( l i l )  f o r  15 
m i n u t e s  a t  *40-50 C. T h i s  was c e n t r i f u g e d  and s u p e r n a t a n t  
d i s c a r d e d .  When p r o t e i n  was t o  be d e t e r m i n e d ,  p e l l e t s  w ere  
r e s u s p e n d e d  i n  5% TCA f o r  1 h o u r  a t  90 C t o  remove n u c l e i c  
a c i d ,  c e n t r i f u g e d  and  t h e n  w a sh e d  w i t h  a c i d i f i e d  a l c o h o l  f o l ­
low ed  by e t h e r .  P r o t e i n  was e x t r a c t e d  f ro m  t h e  p e l l e t  w i t h
1 ml o f  1 N NaOH a t  4 0  C f o r  15 m i n u t e s .
To m e a s u r e  n u c l e i c  a c i d s ,  t h e  e t h a n o l i e t h e r  p e l l e t  
d e s c r i b e d  ab o v e  was i n c u b a t e d  i n  0 . 5  N NaOH (2 m l)  f o r  18 
h o u r s  a t  37 C t o  h y d r o l y z e  RNA. S u b s e q u e n t  t o  a d d i t i o n  o f  
0 . 5  ml o f  6 N HC1 and  1 ml o f  5# TCA t o  p r e c i p i t a t e  DNA, t h e  
s a m p l e s  w e re  c e n t r i f u g e d  and  t h e  s u p e r n a t a n t  ( h y d r o l y z e d  RNA) 
re m o v e d .  DNA was e x t r a c t e d  t h r i c e  f ro m  t h e  r e s u l t i n g  p e l l e t  
w i t h  1 ml o f  h o t  5% TCA. B o th  h y d r o l y z e d  RNA and  t h e  DNA 
f r a c t i o n  w e re  c o u n t e d  and  a s s a y e d  c o l o r i m e t r i c a l l y . A l l  r e ­
s u l t s  a r e  r e p o r t e d  a s  cpm o f  l a b e l e d  m a t e r i a l  i n c o r p o r a t e d
p e r  mg o f  p r o t e i n  o r  n u c l e i c  a c i d .
I n  an  e f f o r t  t o  o b t a i n  g r e a t e r  l e v e l s  o f  i n c o r p o r a t i o n  
i n t o  n u c l e i c  a c i d ,  m u t a n t  s t r a i n s  a d - 1  ( a d e n i n e  r e q u i r i n g )  
and  p y r - 3 ( s u p p l e m e n t e d  w i t h  u r i d i n e )  w e re  u s e d  i n  e x p e r i ­
m e n t s  e x a c t l y  l i k e  t h o s e  p r e v i o u s l y  d e s c r i b e d .  M ed ia  f o r  
t h e s e  e x p e r i m e n t s  w e re  e n r i c h e d  w i t h  20 ; jg /m l  c o l d  a d e n i n e  
s u l f a t e  ( a d - 1 ) o r  20 p g / m l  c o l d  u r i d i n e  ( p y r - 3 ) .
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D o u b l e - L a b e l i n g  E x p e r i m e n t s
Column p r e p a r a t i o n * D E A E - c e l l u l o s e  was p r e c y c l e d  by 
f i r s t  s u s p e n d i n g  i n  15 v o lu m e s  o f  0 , 5  N HC1 f o r  3 0 - ^ 0  m in ­
u t e s .  The s u s p e n s i o n  was f i l t e r e d  and  w a sh e d  u n t i l  t h e  e f ­
f l u e n t  r e a c h e d  pH The e x c h a n g e r  was t h e n  s u s p e n d e d  i n  15 
v o lu m e s  o f  0 . 5  N NaOH f o r  3 0 - ^ 0  m i n u t e s  and  t h e n  f i l t e r e d .  
More 0 . 5  N NaOH was a d d e d  f o r  t h e  same l e n g t h  o f  t i m e ,  a f t e r  
w h ic h  t h e  e x c h a n g e r  was  f i l t e r e d  and  w a sh e d  u n t i l  t h e  e f f l u ­
e n t  pH was n e a r  n e u t r a l .  E q u i l i b r a t i o n  was  c a r r i e d  o u t  by 
a d d i n g  0 . 0 1  M t r i s ( h y d r o x y m e t h y l ) a m i n o m e t h a n e  ( T r i s ) -  
h y d r o c h l o r i d e  b u f f e r  and  t i t r a t i n g  t o  pH 7 . 2 .  The e x c h a n g e r  
was t h e n  f i l t e r e d  and  w a sh e d  ^ - 6  t i m e s  w i t h  0 . 0 1  M T r i s  b u f ­
f e r ,  pH 7 . 2  u n t i l  t h e  pH r e m a i n e d  c o n s t a n t .  F i n e s  w e re  r e ­
moved by d e c a n t i n g ,  t h e n  t h e  e x c h a n g e r  was d e g a s s e d  and  t h e  
co lum n  p a c k e d  i n  T r i s  b u f f e r .  The co lu m n  was w a sh e d  w i t h
2 - 3  v o lu m e s  o f  b u f f e r  an d  t h e  pH o f  t h e  e f f l u e n t  was m o n i ­
t o r e d  b e f o r e  a p p l y i n g  t h e  s a m p l e .
E x p e r i m e n t a l  p r o c e d u r e . F l a s k s  c o n t a i n i n g  250 ml o f  
m e d i a  w e re  i n o c u l a t e d  w i t h  c o n i d i a  f ro m  7^A t o  g i v e  1 . 5  x 
10^ c o n i d i a / m l  and  c u l t u r e s  w ere  i n c u b a t e d  on a  r o t a r y  
s h a k e r  f o r  6 h o u r s  a t  Jk  C. Benomyl was a d d e d  t o  o n e - h a l f  
t h e  num ber  o f  f l a s k s  and  i n c u b a t e d  f o r  5 m i n u t e s .  Hv- u r i d i n e
I k
and  C - a d e n i n e  w e re  p i p e t t e d  i n t o  e a c h  c u l t u r e  t o  g i v e  a p ­
p r o x i m a t e l y  3000 cpm/ml o f  medium. One c o n t r o l  and  one 
t r e a t e d  c u l t u r e  w e re  rem ov ed  30 m i n u t e s ,  2 h o u r s ,  k  h o u r s  and  
8 h o u r s  a f t e r  a d d i t i o n  o f  l a b e l e d  m a t e r i a l .  R e a c t i o n s  w ere  
t e r m i n a t e d  by a d d i n g  c o l d  t r i c h l o r o a c e t i c  a c i d j  m y c e l i a  w ere
f i l t e r e d ,  w a sh e d  e x t e n s i v e l y  w i t h  w a t e r  t o  rem ove  a d s o r b e d  
l a b e l ,  l y o p h i l i z e d  and  w e i g h e d .  The v o lu m e s  o f  t h e  f i l t e r e d  
m e d i a  w ere  r e c o r d e d  and  a l i q u o t s  t a k e n  f o r  c o u n t i n g  t o  d e t e r ­
m ine  t h e  am oun t  o f  l a b e l  r e m a i n i n g .  T h e n ,  e q u a l  a m o u n ts  o f  
l y o p h i l i z e d  m y c e l i a  w e re  h o m o g e n iz e d  f o r  2 m i n u t e s  i n  0 . 0 1  
T r i s  b u f f e r  (pH 7 . 2 )  u s i n g  an  O m n im ix e r .  The t o t a l  vo lum e 
o f  h o m o g e n a te s  was b r o u g h t  t o  15  ml and  t h r e e  0 . 1 - m l  a l i q u o t s  
w e re  rem oved  f o r  c o u n t i n g .  H o m o g e n a te s  w e re  d e p r o t e i n i z e d  by 
e x t r a c t i o n  w i t h  15 ml o f  0 . 0 1  M T r i s  s a t u r a t e d  w i t h  p h e n o l  
f o r  2 h o u r s  a t  25 C. The p h e n o l  was s e p a r a t e d  by c e n t r i f u ­
g a t i o n  a t  5»900 x g .  The u p p e r  a q u e o u s  l a y e r  was rem oved  and 
a d j u s t e d  t o  25  ml t o t a l  volume w h e r e a s  t h e  p h e n o l  p o r t i o n  was 
a d j u s t e d  t o  11 ml t o t a l .  A l i q u o t s  ( 0 . 1  ml i n  t r i p l i c a t e )  
w e re  t a k e n  f ro m  b o t h  f r a c t i o n s  f o r  c o u n t i n g .  R e s i d u a l  p h e n o l  
was rem oved  f ro m  t h e  a q u e o u s  s o l u t i o n  by t h r e e  e t h e r  e x t r a c ­
t i o n s .  The e t h e r  was t h e n  e v a p o r a t e d  f ro m  t h e  a q u e o u s  p h a s e  
u n d e r  a  s t r e a m  o f  a i r ,  and  t h e  vo lum e  a d j u s t e d  t o  25  m l .
A f t e r  r e m o v a l  o f  0 . 1 - m l  a l i q u o t s  f o r  r a d i o a c t i v e  d e t e r m i n a ­
t i o n ,  t h e  e n t i r e  25 ml was l o a d e d  o n t o  a  2 x 15 cm DEAE- 
c e l l u l o s e  co lu m n  w h i c h  h ad  b e e n  e q u i l i b r a t e d  w i t h  0 . 0 1  M 
T r i s ,  pH 7 . 2 .  C h r o m a t o g r a p h y  was c a r r i e d  o u t  a t  25 C by 
e l u t i o n  w i t h  a  500-m l  l i n e a r  g r a d i e n t  o f  0 . 0 1  M T r i s  (pH 
7 . 2 )  t o  0 . 0 1  M T r i s  p l u s  1 M N a C l .  Two-ml f r a c t i o n s  w ere  
c o l l e c t e d  and  t u b e s  w e re  a s s a y e d  f o r  a b s o r b a n c e  a t  260 nm 
and f o r  r a d i o a c t i v i t y .
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C a l c u l a t i o n  o f  and  R a d i o a c t i v i t y
3 l kI n  o r d e r  t o  c o r r e c t  f o r  o v e r l a p  i n  c o u n t i n g  W and  C
3 l ks i m u l t a n e o u s l y ,  t h e  a c t u a l  and  C r a d i o a c t i v i t y  w e re  c a l -
3 14c u l a t e d  i n  t h i s  m a n n e r .  S t a n d a r d  s o l u t i o n s  o f  HJ and  C
w e re  p r e p a r e d  ( i n  t r i p l i c a t e )  i n  a  t o l u e n e - b a s e d  s c i n t i l l a -
3 14 3t i o n  f l u i d  and  w ere  c o u n t e d  u s i n g  t h e  and  C w i t h
i s o s e t s .  The f o l l o w i n g  v a l u e s  w ere  d e t e r m i n e d  f ro m  t h e
c o u n t i n g  d a t a i
~ ~ n e t  com i n  H^ window
h l  '  H i n  H i s o s e t  “  H3- t o l u e n e  dpm
14 3q i h  o n e t  cpm i n  C w i t h  Ylj  window
h 2 = H i n  C w i t h  H i s o s e t  -  H ^ - t o l u e n e  dpm
i k  -a n e t  cpm i n  window
°1  ■ C i n  H3 i s o s e t  = 0 ^ - t o l u e n e  dpm
14 3i k  l Li -a n e t  cpm i n  C w i t h  Hr window
C2 = Cw  i n  C w i t h  H3 i s o s e t  = c ^ - t o l u e n e  dpn.
S i n c e  h^ was e q u a l  t o  0 . 0 0 2 ,  i t s  v a l u e  was c o n s i d e r e d  n e g l i ­
g i b l e .  From t h e  c a l c u l a t i o n s  o f  h 2 , and  c 2 a b o v e ,  t h e
3 14a c t u a l  and  C dpm i n  e x p e r i m e n t a l  s a m p l e s  w e re  c a l i b r a t e d  
by  t h e  f o l l o w i n g  f o r m u l a e i
14 ^ 1C dpm *= - ±
2
_ N? -  ( C ^ d p m  x c ,  )
„  ■ -------------------- K I ------------------
14 3w h e re  = cpm o f  s a m p le  i n  C w i t h  i s o s e t
3
N2 = cpm o f  s a m p le  i n  i s o s e t .
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I d e n t i t y  o f  M a t e r i a l  E l u t e d  i n  0 . 7  M NaCl
The g r e a t e s t  am ount  o f  u l t r a v i o l e t  a b s o r b i n g  m a t e r i a l
and  r a d i o a c t i v i t y  e l u t e d  f ro m  t h e  D E A E - c e l l u l o s e  co lum n  a t
0 . 0 1  M T r i s  and  0 . ?  M N a C l .  The n a t u r e  o f  t h i s  m a t e r i a l  was 
r e s o l v e d  by  t h e  s u b s e q u e n t  p r o c e d u r e s .  The f r a c t i o n s  u n d e r  
t h e  p e a k  w e re  p o o l e d ,  l y o p h i l i z e d  and  r e d i s s o l v e d  i n  a 
s m a l l e r  vo lum e o f  w a t e r .  The s a m p l e s  w e re  d i a l y z e d  a g a i n s t  
w a t e r  a t  $ C f o r  60 h o u r s  w i t h  6 c h a n g e s .  A b s o r b a n c e  a t  
260 nm and  r a d i o a c t i v i t y  w e r  m e a s u r e d  b e f o r e  and  a f t e r  
d i a l y s i s  t o  d e t e r m i n e  l o s s  o f  m a t e r i a l  ( i . e . ,  w h e t h e r  t h e  
u l t r a v i o l e t  a b s o r b i n g  compound was d i a l y z a b l e ) .  A l i q u o t s  o f  
t h e  r e t e n t a t e  w e re  l y o p h i l i z e d  and  t h e m  1) a n a l y z e d  f o r  
RNA c o n t e n t ,  2)  h y d r o l y z e d  i n  0 . 5  N NaOH f o r  18 h o u r s  and  
a n a l y z e d  f o r  RNA, 3) a s s a y e d  f o r  DNA c o n t e n t  a f t e r  a  h o t  5# 
t r i c h l o r o a c e t i c  a c i d  e x t r a c t i o n ,  4 )  u s e d  f o r  p r o t e i n  d e t e r ­
m i n a t i o n s .
B i o c h e m i c a l  A n a l y s i s  o f  C u l t u r e s  T r e a t e d  Up t o  16 H o u rs
C o n i d i a  f ro m  s t r a i n  7^A w e re  i n o c u l a t e d  i n t o  f l a s k s  c o n ­
t a i n i n g  m i n i m a l  m e d i a  t o  g i v e  2 x 10^  c o n i d i a / m l .  C u l t u r e s
w e re  i n c u b a t e d  on a  r o t a r y  s h a k e r  a t  30 C f o r  6 h o u r s ,  a f t e r  
w h i c h  b enom yl  was  a d d e d  t o  o n e - h a l f  t h e  nu m b er  o f  c u l t u r e s  
t o  g i v e  1 >1 g / m l .  The f l a s k s  w e re  i n c u b a t e d  f u r t h e r ,  and  a 
c o n t r o l  and  t r e a t e d  c u l t u r e  w ere  rem o v ed  a t  1 ,  2 ,  8 and
16 h o u r s  a f t e r  a d d i t i o n  o f  b e n o m y l .  M y c e l i a  w e re  f i l t e r e d ,  
w a s h e d ,  l y o p h i l i z e d  and  w e i g h e d .
47
One h u n d r e d  mg o f  e a c h  s a m p le  ( e x c e p t  f o r  t h e  1 h o u r  
s a m p l e s ,  w h ic h  w ere  85 mg) w e re  h o m o g e n iz e d  i n  d i s t i l l e d  
w a t e r  i n  t h e  O m nim ixer  f o r  l i  m i n u t e s  a t  maximum s p e e d .  The 
c o n t a i n e r  was r i n s e d  s e v e r a l  t i m e s  and v o lu m e s  b r o u g h t  t o  
30 m l .  The s a m p l e s  w e re  s o n i c a t e d  20 m i n u t e s  a t  5 - 1 5  C u n t i l  
o n l y  em pty  w a l l  f r a g m e n t s  w ere  o b s e r v e d  m i c r o s c o p i c a l l y .
The c e l l  w a l l  was  s e d i m e n t e d  by c e n t r i f u g a t i o n  a t  9»750  x g ,  
and  t h e  r e s u l t i n g  p e l l e t s  w e re  w a sh e d  5 t i m e s  w i t h  w a t e r .
The f i r s t  two s u p e r n a t a n t s  w e re  c o m b in e d .  The p e l l e t s  ( c e l l  
w a l l )  and  s u p e r n a t a n t s  ( s o l u b l e  f r a c t i o n )  w e re  l y o p h i l i z e d  
and  w e i g h e d .  The s o l u b l e  f r a c t i o n s  w e re  r e s u s p e n d e d  i n  a  
s m a l l  vo lum e o f  d i s t i l l e d  w a t e r  a n d  h o m o g e n iz e d  w i t h  a  Thomas 
g l a s s  h o m o g e n i z e r .  T h e s e  s a m p l e s  w ere  b r o u g h t  t o  a  known 
v o lu m e ,  t h e n  d i l u t e d  f o r  f u r t h e r  u s e .  A s s a y s  w h ic h  w e re  p e r ­
fo r m e d  on e a c h  o f  t h e  s o l u b l e  f r a c t i o n s  i n c l u d e d  p r o t e i n ,  
t o t a l  h e x o s e ,  t o t a l  p h o s p h o r u s ,  l a b i l e  and  e x t r a - l a b i l e  p h o s ­
p h o r u s ,  DNA a n d  RNA.
E x t r a c t i o n  o f  N u c l e o s i d e s .  N u c l e o t i d e s  and  B a s e s
One gram  e a c h  o f  c o n t r o l  and  t r e a t e d  ( 1 . 5  p g / m l  f o r  48 
h o u r s )  m y c e l i a l  po w der  was f i r s t  e x t r a c t e d  f o r  1 h o u r  u s i n g  
30 ml o f  p h e n o l  s a t u r a t e d  w i t h  0 . 0 1  M T r i s  b u f f e r ,  pH 7 * 2 .  
A f t e r  c e n t r i f u g a t i o n  a t  2 7 , 0 0 0  x g ,  t h e  s u p e r n a t a n t s  w e re  
r e m o v e d .  The p e l l e t s  w e re  w a sh e d  i n  0 . 0 1  M T r i s ,  t h e n  t h e  
a q u e o u s  s u p e r n a t a n t  a nd  wash  w e r e  p o o l e d .  R e s i d u a l  p h e n o l  
was rem oved  by e x t r a c t i n g  3 t i m e s  w i t h  e t h e r .  A b s o r b a n c e  o f  
t h e  a q u e o u s  s o l u t i o n  was m e a s u r e d  a t  260 nm and  280 nm.
48
D E A E - c e l l u l o s e  c h r o m a t o g r a p h y . The e n t i r e  s a m p le  f rom  
c o n t r o l  o r  t r e a t e d  c u l t u r e s  was p l a c e d  on a  2 x 15 cm DEAE- 
c e l l u l o s e  co lu m n  p r e p a r e d  and e q u i l i b r a t e d  a s  p r e v i o u s l y  
d e s c r i b e d .  F r a c t i o n s  w e re  e l u t e d  s t e p w i s e  a t  pH 7 . 2  w i t h  
150 ml e a c h  o f  0 . 0 1  M T r i s ,  0 . 0 1  M T r i s  p l u s  0 . 2  M NaCl and 
0 . 0 1  M T r i s  p l u s  1 . 0  M N aC l .  The co lum n was r u n  a t  room 
t e m p e r a t u r e  a n d  2 -m l  f r a c t i o n s  w e re  c o l l e c t e d .  The a b s o r b ­
a n c e  a t  260 nm was u s e d  t o  d e t e r m i n e  t h e  e l u t i o n  p r o f i l e  f o r  
t h e  c o lu m n .
D e s a l t i n g  o f  n u c l e o t i d e  f r a c t i o n s . The p e a k s  e l u t i n g  
w i t h  T r i s  p l u s  0 . 2  M NaCl w e re  p re su m ed  t o  c o n t a i n  n u c l e o ­
t i d e s  by c o m p a r i s o n  w i t h  t h e  e l u t i o n  p a t t e r n  f rom  a  s i m i l a r  
co lum n  r u n  w i t h  s t a n d a r d  s a m p l e s .  T h e r e f o r e ,  f r a c t i o n s  u n d e r  
t h e  p e a k s  w e re  p o o l e d ,  and  s a l t  was rem oved  by p a s s a g e  
t h r o u g h  a  2 x 100 cm B i o g e l  P -2  ( p o l y a c r y l a m i d e )  co lu m n  a t  
room t e m p e r a t u r e .  The co lum n was e l u t e d  w i t h  d i l u t e  ammonia 
a t  pH 8 - 9  a n d  f r a c t i o n s  w e re  c o l l e c t e d  i n  4 - 5  ml v o l u m e s .
The A2 £0 o f  t h e  f r a c t i o n s  was d e t e r m i n e d .  S a m p le s  u n d e r  t h e  
p e a k s  w e re  p o o l e d  and  e v a p o r a t e d  t o  d r y n e s s  a t  a p p r o x i m a t e l y  
4 C on a  F l a s h  e v a p o r a t o r .  The s a m p le s  w ere  r e d i s s o l v e d  i n  
a  s m a l l  am oun t  o f  d i s t i l l e d  w a t e r  and  t r a n s f e r r e d  t o  a  c o n i ­
c a l  c e n t r i f u g e  t u b e .  They  w ere  a g a i n  e v a p o r a t e d  t o  d r y n e s s  
on a n  E v a p o - m ix  ( B u c h l e r )  u s i n g  a  vacuum pump.
P a p e r  c h r o m a t o g r a p h y . E v a p o r a t e d  s a m p l e s  o f  c o n t r o l  
and  t r e a t e d  m a t e r i a l  w e r e  r e d i s s o l v e d  i n  1 . 0  ml o f  w a t e r  and 
t h e  a b s o r b a n c e  a t  260 and  280 nm was a g a i n  r e c o r d e d .
O n e - h a l f  o f  e a c h  s a m p le  was r e - e v a p o r a t e d ,  d i s s o l v e d  i n  25 jjI
^9
of water and applied to sheets of Whatman # 1  chromatography 
paper. Descending chromatography was carried out according 
to the procedure outlined by Miller ( 1 9 7 2 )  using isobutyric 
acidiNH^OHiHgO (66il»33) as a solvent. Once the chromato­
grams were dry, bands of ultraviolet absorbing material were 
located with a short-range ultraviolet light. The bands 
were cut out, and washed with ethanoliether (lil) to remove 
the isobutyric acid, which interferes with the ultraviolet 
spectrum. The papers were then eluted with water using the 
method described by Miller ( 1 9 7 2 ) .  After evaporating the 
eluate to dryness, it was redissolved in 1 ml water» the 
A26q was determined for a quantitative estimate of the amount 
of nucleotide present.
I d e n t i f i c a t i o n  o f  n u c l e o t i d e s . N u c l e o t i d e s  w e re  t e n t a ­
t i v e l y  i d e n t i f i e d  by t h e  d i s t a n c e  t r a v e l e d  i n  i s o b u t y r i c  
ac id iN H ^0 H iH 20 r e l a t i v e  t o  known s t a n d a r d s .  I n  a d d i t i o n ,  
t h e  c o m p o n e n ts  w e re  r e c h r o m a t o g r a p h e d  i n  a n  a s c e n d i n g  d i r e c ­
t i o n  u s i n g  i -p ro p a n o l iN H ^ S O ^ iH g O  ( 1 i ^ 0 i 9 )  and  c o m p a red  w i t h  
s t a n d a r d s .  A more c o n c l u s i v e  i d e n t i f i c a t i o n  was made by 
c o m p a r i s o n  o f  t h e i r  u l t r a v i o l e t  s p e c t r a  w i t h  t h e  s p e c t r a  o f  
known n u c l e o t i d e s .  N e u t r a l ,  a c i d i c  and  b a s i c  s p e c t r a  o f  a l l  
e l u t e d  s a m p l e s  w e re  r e c o r d e d .  The s a m p l e s  ( a f t e r  A2 £q was 
d e t e r m i n e d )  w e re  d i l u t e d  ( i f  r e q u i r e d )  t o  r e a d  no  more  t h a n  
1 a b s o r b a n c e  u n i t  p e r  ml a t  260 nm. The u l t r a v i o l e t  s p e c t r u m  
o f  a  1 ml sa m p le  was s c a n n e d  f r o m  320  nm t o  220 nm w i t h  a  
C a ry  1^ R e c o r d i n g  S p e c t r o p h o t o m e t e r  a t  a  s c a n  s p e e d  o f  0 . 5  
nm p e r  s e c o n d  and  a  c h a r t  s p e e d  o f  2 i n c h e s  p e r  m i n u t e .
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A f t e r  t h e  s p e c t r u m  i n  w a t e r  was  c o m p l e t e d ,  10 p i  o f  k  N HC1 
(pH 1 - 2 )  was  a d d e d  t o  t h e  c u v e t t e ,  m ix e d  and  t h e  s p e c t r u m  
r e c o r d e d  a s  b e f o r e .  The b a s i c  s p e c t r u m  was t a k e n  a f t e r  a d d ­
i n g  10 p i  o f  8 N NaOH ( a p p r o x i m a t e l y  pH 1 2 ) .
A n a l y s i s  o f  t h e  n u m b er  o f  p h o s p h a t e  g r o u p s  on t h e  n u ­
c l e o t i d e s  was a c c o m p l i s h e d  by e l e c t r o p h o r e s i s .  S a m p le s  w ere  
a p p l i e d  t o  Whatman 3 MM c h r o m a t o g r a p h y  p a p e r  so  t h a t  t h e y  
c o u l d  be s e e n  u n d e r  u l t r a v i o l e t  l i g h t .  They  w ere  t h e n  s u b ­
j e c t e d  t o  e l e c t r o p h o r e s i s  i n  0 . 1  M c i t r a t e  b u f f e r ,  pH 3»5» 
f o r  1 h o u r  a t  500 v o l t s .  A f t e r  d r y i n g  t h e  p a p e r ,  u l t r a v i o l e t  
a b s o r b i n g  m a t e r i a l  was i d e n t i f i e d  by c o m p a r i s o n  w i t h  known 
s t a n d a r d s .
I d e n t i f i c a t i o n  o f  n u c l e o s i d e s  and  b a s e s . P e a k s  f ro m  
c o n t r o l  and  t r e a t e d  s a m p l e s  w h ic h  e l u t e d  f r o m  D E A E - c e l l u l o s e  
a t  0 . 0 1  M T r i s  w e re  t h o u g h t  t o  c o n t a i n  a  m i x t u r e  o f  f r e e  b a s e s  
and  n u c l e o s i d e s .  The f r a c t i o n s  w i t h i n  t h e s e  p e a k s  w ere  
p o o l e d ,  l y o p h i l i z e d  and  d i s s o l v e d  i n  2 ml o f  w a t e r .  A f t e r  
m e a s u r i n g  a b s o r b a n c e  a t  260 nm, s a m p l e s  w e re  a p p l i e d  t o  W hat ­
man #1  c h r o m a t o g r a p h y  p a p e r  and  c h r o m a t o g r a p h e d  i n  a  d e ­
s c e n d i n g  d i r e c t i o n  u s i n g  a s  s o l v e n t  i s o b u t y r i c  acidiNH^OHi 
H20 .  U l t r a v i o l e t  a b s o r b i n g  b a n d s  w e re  t e n t a t i v e l y  i d e n t i f i e d  
by c o r r e s p o n d i n g  m i g r a t i o n  w i t h  s t a n d a r d s .  U l t r a v i o l e t  a b ­
s o r b i n g  a r e a s  w ere  c u t  o u t  and  e l u t e d  w i t h  w a t e r  a s  p r e v i ­
o u s l y  d e s c r i b e d .  A f t e r  e v a p o r a t i o n  and  r e d i s s o l v i n g  i n  
w a t e r ,  o n l y  t h e  n e u t r a l  s p e c t r a  w e re  t a k e n .
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A s c o s p o r e  S e g r e g a t i o n
S p o r e s  o f  7^A w e re  s t r e a k e d  o n t o  c r o s s i n g  m e d i a  c o n ­
t a i n i n g  0 ,  0 . 1 ,  0 . 1 2 5 , 0 , 1 5 .  0 . 1 7 5  and  0 . 2  p g / m l  b e n o m y l .
The s l a n t s  w e re  i n c u b a t e d  a t  Jk  C and  t h e n  a t  25 C t o  a l l o w  
t h e  f o r m a t i o n  o f  p r o t o p e r i t h e c i a .  Then c o n i d i a  f rom  7 ^ a  
w e re  a d d e d  t o  e a c h  t u b e  and  c u l t u r e s  w e re  l e f t  a t  room tem ­
p e r a t u r e  f o r  2 - 3  w e e k s .  A f t e r  a s c o s p o r e  m a t u r a t i o n  and r e ­
l e a s e ,  2 ml o f  s t e r i l e  w a t e r  was a d d ed  t o  e a c h  c u l t u r e ,  m ixed  
t h o r o u g h l y  and  t h e n  f i l t e r e d  t h r o u g h  c h e e s e c l o t h  t o  g i v e  an 
a s c o s p o r e  s u s p e n s i o n .
A s c o s p o r e s  w e re  t e s t e d  f o r  v i a b i l i t y  and  m u t a t i o n s  i n  
t h i s  f a s h i o n .  A l i q u o t s  o f  t h e  s p o r e  s u s p e n s i o n s  f o r m e d  f ro m  
e a c h  c r o s s  w e re  a d d e d  t o  100 ml o f  s o r b o s e  medium p l u s  0.1% 
y e a s t  e x t r a c t  and  t h e n  h e a t  s h o c k e d  a t  60 C f o r  30 m i n u t e s .  
P l a t e s  w e re  p o u r e d  a n d  i n c u b a t e d  f o r  52 h o u r s  a t  3^ C and  
t h e n  a t  25 C t o  s e l e c t  f o r  t e m p e r a t u r e  s e n s i t i v e  m u t a n t s .  
C o lo n y  c o u n t s  w e re  made f ro m  t h e  p l a t e s  and  t h e n ,  i n  some 
i n s t a n c e s ,  c o n i d i a  w e re  t r a n s f e r r e d  t o  m i n i m a l  m e d i a  t o  t e s t  
f o r  m u t a t i o n  t o  a u x o t r o p h y .
In addition to the plate counts, approximately 3300 
spores from each cross were counted with a hemocytometer to 
calculate the number of spores per ml and the ratio of black 
(viable) to white (non-viable) ascospores. Percent viability 
was estimated by dividing the number of colonies per ml by 
the total number of spores per ml.
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M u t a g e n i c i t y  o f  Benomyl
Benomyl t r e a t m e n t  o f  w i l d - t y p e  N e u r o s p o r a . F i f t y  ml o f  
m in i m a l  a g a r  medium i n  f l a s k s  w ere  k e p t  warm a f t e r  a u t o c l a v -  
i n g .  Benomyl was a d d ed  t o  t h e  medium t o  g i v e  0 ,  0 . 2 3 .  0 . 2 5 .  
0 . 2 7  an d  0 . 2 9  M g/m l ,  t h e n  c o n i d i a  f ro m  7^A w ere  a d d e d  so
t h a t  t h e  f i n a l  c o n c e n t r a t i o n  was 1 x 1 0 ^ / m l .  The m e d i a  was 
t h o r o u g h l y  m i x e d ,  a l l o w e d  t o  h a r d e n  and  i n c u b a t e d  a t  3*4 C . 
C o n i d i a  f ro m  t h e  f l a s k s  c o n t a i n i n g  0 ,  0 . 2 7  and 0 . 2 9  u g / m l  
benom yl  w ere  u s e d  f o r  f i l t r a t i o n  e n r i c h m e n t  e x p e r i m e n t s .
F i l t r a t i o n  e n r i c h m e n t . Round b o t to m  f l a s k s  c o n t a i n i n g  
250 ml m in i m a l  m e d ia  w e re  i n o c u l a t e d  w i t h  c o n i d i a  f r o m  c o n ­
t r o l  and t r e a t e d  c u l t u r e s  t o  g i v e  a  s u s p e n s i o n  o f  5 x 10^  
c o n i d i a / m l .  C u l t u r e s  w e re  i n c u b a t e d  a t  25 C on a  r e c i p r o c a l  
s h a k e r  f o r  8 h o u r s .  G e r m i n a t e d  c o n i d i a  w e re  t h e n  f i l t e r e d  
o f f  by p o u r i n g  t h e  l i q u i d  t h r o u g h  ^  l a y e r s  o f  c h e e s e c l o t h  
i n t o  a  s t e r i l e  f l a s k .  C u l t u r e s  w e re  a l l o w e d  t o  i n c u b a t e  and  
w e re  f i l t e r e d  e v e r y  3 h o u r s  f o r  t h e  f i r s t  15  h o u r s ,  t h e n  e v e r y  
^■-5 h o u r s  and  l a s t l y ,  e v e r y  8 h o u r s  o r  when g e r m i n a t e d  c o n i d i a  
w e re  o b s e r v e d  (Woodward £ t  a l . , 195*0*
At 6 2 ,  7 0 ,  82 and  88 h o u r s ,  e q u a l  a l i q u o t s  f r o m  e a c h  
f l a s k  w e re  a d d e d  t o  warm c o m p l e t e  s o r b o s e  m e d i a  a nd  t o  m i n i ­
m al  s o r b o s e  m e d i a .  P o u r  p l a t e s  w e re  made and  i n c u b a t e d  a t  
3*4- C. C o l o n i e s  a p p e a r i n g  on m in i m a l  w ere  s c o r e d  a s  w i l d  
t y p e ,  and  t h o s e  on c o m p l e t e  a s  w i l d  t y p e  p l u s  a u x o t r o p h i c  
m u t a n t s .
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G e n e t i c  M e th o d s
I s o l a t i o n  o f  B e n o m y l - R e B l a t a n t  M u t a n t s
U l t r a v i o l e t  i r r a d i a t i o n . An a q u e o u s  s u s p e n s i o n  o f  
c o n i d i a  f ro m  5 d a y - o l d  c u l t u r e s  o f  h i s t - l A  was f i l t e r e d  
t h r o u g h  c h e e s e c l o t h  and  t h e  c o n c e n t r a t i o n  was  a d j u s t e d  t o  
a p p r o x i m a t e l y  10^ c o n i d i a / r a l .  A t h i n  l a y e r  o f  t h e  s u s p e n ­
s i o n  was  p o u r e d  i n t o  a  s t e r i l e  p e t r i  d i s h .  C o n i d i a  w e re  
i r r a d i a t e d  a t  50#  k i l l  (1 2 5  s e c o n d s )  u n d e r  a  G e n e r a l  E l e c ­
t r i c  G30T8 (3 0  w a t t )  g e r m i c i d a l  lam p  a t  a  d i s t a n c e  o f  6 
i n c h e s  f ro m  t h e  l i g h t  s o u r c e .  A l i q u o t s  o f  t r e a t e d  c o n i d i a  
w e re  s u s p e n d e d  i n  s o r b o s e  m e d ia  c o n t a i n i n g  h i s t i a i n e  a n a  
e i t h e r  0 # 0 . 5  o r  1 . 0  >Jg/ml b e n o m y l .  P o u r  p l a t e s  w e re  made 
a nd  w e re  s u b s e q u e n t l y  i n c u b a t e d  a t  Jk  C f o r  k  d a y s .  
B e n o m y l - r e s i s t a n t  m u t a n t s  w e re  t r a n s f e r r e d  f ro m  p l a t e s  t o  
s l a n t s  o f  m in i m a l  m e d i a  w i t h  h i s t i d i n e  and  0 . 5  o r  1 . 0  jug/ml  
b e n o m y l .
S e l e c t i o n  o f  r e s i s t a n t  a s c o s p o r e s . To a s s u r e  t h a t  
b e n o m y l - r e s i s t a n t  s t r a i n s  w ere  h o m o k a r y o t i c  f o r  t h e  m u t a n t  
a l l e l e ,  a l l  i s o l a t e d  m u t a n t s  w e re  c r o s s e d  t o  ? k a .  P r o c e ­
d u r e s  f o r  c r o s s i n g  and  random  a s c o s p o r e  s e l e c t i o n  h a v e  b e e n  
d e s c r i b e d  by P e r k i n s  (1 9 5 9 )*  Ten a s c o s p o r e s  w e re  t a k e n  f rom  
e a c h  c r o s s  and  t r a n s f e r r e d  t o  s l a n t s  o f  m in im a l  m e d ia  p l u s  
h i s t i d i n e  and  t h e  c o n c e n t r a t i o n s  o f  benomyl ( 0 . 5  o r  1 . 0  
;u g /m l)  on w h i c h  r e s i s t a n t  c o n i d i a  w ere  o r i g i n a l l y  s e l e c t e d .  
S p o r e s  w e re  h e a t  s h o c k e d  a t  60 C f o r  JO-kO m i n u t e s  and i n ­
c u b a t e d  a t  3^ C. F o r t y - o n e  i s o l a t e s  w e re  r e c o v e r e d .
5^
H i s t i d i n e  a u x o t r o p h s  among m u t a n t s  i s o l a t e d  i n  t h i s  m a n n e r  
w e re  d e t e r m i n e d  by  t r a n s f e r  t o  m in i m a l  m e d i a  and  s c o r i n g  f o r  
g r o w t h .  M a t i n g  t y p e s  o f  t h e  m u t a n t s  w e re  a s c e r t a i n e d  by 
c r o s s i n g  e a c h  m u t a n t  t o  b o t h  7**A and  7 ^ a .  T h e s e  m u t a n t s  
w e re  u s e d  i n  m a p p in g  t h e  g e n e  f o r  benom yl  r e s i s t a n c e .
M app ing  P r o c e d u r e s
I n  o r d e r  t o  a s s i g n  t h e  r e s i s t a n t  g e n e  t o  a  l i n k a g e  
g r o u p ,  p r e l i m i n a r y  c r o s s e s  b e tw e e n  r e s i s t a n t  m u t a n t s  and  
a l c o y  s t r a i n  w ere  p e r f o r m e d  and  s c o r e d  a c c o r d i n g  t o  m e th o d s  
o u t l i n e d  by P e r k i n s  e_t a l .  (19 6 9 )*  A p p r o x i m a t e l y  i v u  s p o i e s  
w e re  p i c k e d  f ro m  e a c h  c r o s s .  A f t e r  s c o r i n g  f o r  t e m p e r a t u r e  
s e n s i t i v i t y ,  y e l l o w ,  o r a n g e  and  a l b i n o  c o n i d i a ,  i s o l a t e s  
w e re  t r a n s f e r r e d  t o  b en om y l  s l a n t s  and  s c o r e d  f o r  r e s i s t a n c e .  
P e r  c e n t  g e r m i n a t i o n  w as  a l s o  n o t e d .
F o l l o w i n g  t h e  c r o s s  t o  a l c o y , i t  was  n e c e s s a r y  t o  d e t e r ­
m ine  w h i c h  o f  two l i n k a g e  g r o u p s  c o n t a i n e d  t h e  b e n o m y l - r e ­
s i s t a n t  l o c u s .  C o n s e q u e n t l y ,  b e n o m y l - r e s i s t a n t  m u t a n t s  w e re  
t h e n  c r o s s e d  w i t h  s t r a i n s  1207 and  1208 w h i c h  c a r r y  a  t r y p - 1  
m a r k e r  on l i n k a g e  g r o u p  I I I  and  a  v l o - 1  m a r k e r  on l i n k a g e  
g r o u p  V I .  A p p r o x i m a t e l y  100 a s c o s p o r e s  f r o m  e a c h  c r o s s  w e re  
i s o l a t e d .  A f t e r  i n c u b a t i o n  a t  3*4- C t h e  c u l t u r e s  w e re  s c o r e d  
f o r  t r y p ~ by  f l u o r e s c e n c e  o f  m e d i a  s u p p l e m e n t e d  w i t h  i n d o l e ,  
and  f o r  y e l l o w  o r  o r a n g e  c o n i d i a .  I s o l a t e s  w e re  t h e n  t r a n s ­
f e r r e d  t o  b e n om yl  s l a n t s  an d  s c o r e d  f o r  r e s i s t a n c e .
Once t h e  r e s i s t a n t  g e n e  h a d  b e e n  r e l e g a t e d  t o  a  s p e ­
c i f i c  l i n k a g e  g r o u p ,  t h e  p o s i t i o n  o f  t h e  l o c u s  was d e t e r m i n e d
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r e l a t i v e  t o  t h r e e  o t h e r  m a r k e r s  i n  t h a t  l i n k a g e  g r o u p .  The 
r e s i s t a n t  m u t a n t s  w ere  c r o s s e d  t o  s t r a i n s  2091  and  2092  
w h i c h  c o n t a i n  t h e  m a r k e r s  t r y p - 2 1 y l o - 1  and  c h o l - 2 . Ap­
p r o x i m a t e l y  120 a s c o s p o r e s  w ere  i s o l a t e d  f ro m  e a c h  c r o s s .  
I s o l a t e s  w e re  s c o r e d  f o r  y e l l o w  o r  o r a n g e  c o n i d i a  and  t h e n  
t r a n s f e r r e d  t o i  1) m in i m a l  m e d i a  p l u s  c h o l i n e  t o  t e s t  f o r  
t r y p t o p h a n  p r o t o t r o p h y ,  2 )  m in i m a l  m e d i a  p l u s  t r y p t o p h a n  t o  
s c o r e  f o r  c h o l i n e  p r o t o t r o p h y ,  3) m in i m a l  p l u s  t r y p t o p h a n ,  
c h o l i n e  a n d  benom yl  t o  d e t e r m i n e  r e s i s t a n c e ,  4 )  m in i m a l  p l u s  
c h o l i n e  and t r y p t o p h a n  a s  a  c o n t r o l .  P h e n o t y p i c  e v a l u a t i o n s  
w e re  made a  g r e a t  d e a l  e a s i e r  by u s i n g  l i q u i d  m e d i a  f o r  a l l  
t h e  above  t e s t s .  Map d i s t a n c e s  b e tw e e n  benomyl  and  t h e  
m a r k e r s  w e re  c a l c u l a t e d  f ro m  t h e  p e r  c e n t  r e c o m b i n a t i o n  
w h i c h  r e s u l t e d  f ro m  t h e s e  c r o s s e s .
R e s i s t a n c e  L e v e l s  o f  M u t a n t s
T o l e r a n c e  l e v e l s  t o  d i f f e r e n t  c o n c e n t r a t i o n s  o f  benom yl  
w e re  d e t e r m i n e d  f o r  a l l  t h o s e  m u t a n t s  u s e d  i n  m a p p in g  s t u d i e s .  
C o n i d i a  f r o m  e a c h  m u t a n t  w e re  i n o c u l a t e d  i n t o  Ryan t u b e s  c o n ­
t a i n i n g  m e d i a  w i t h  v a r i o u s  c o n c e n t r a t i o n s  o f  b e n o m y l .  L i n e a r  
g r o w t h  a t  34 C was m e a s u r e d  o v e r  a  p e r i o d  o f  24 t o  96  h o u r s .  
A v e r a g e  g r o w t h  r a t e s  a t  e a c h  c o n c e n t r a t i o n  w e re  com p u ted  f ro m  
a  p l o t  o f  m i l l i m e t e r s  o f  g r o w t h  v s .  t i m e .
Formation of Heterokaryons
From c r o s s e s  b e tw e e n  b e n o m y l - r e s i s t a n t  m u t a n t s  and  2091 
o r  2 0 9 2 ,  r e c o m b i n a n t s  w e re  s e l e c t e d  w h i c h  e x h i b i t e d  e i t h e r  
r e s i s t a n c e  o r  s e n s i t i v i t y  a n d  o n l y  one a u x o t r o p h i c  p h e n o ty p e
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( i . e . ,  e i t h e r  t r y p ~ o r  c h o l ” , b u t  n o t  b o t h ) .  T h e s e  r e c o m -
p
b i n a n t s  w e r e  t e s t e d  f o r  m a t i n g  t y p e  on f l u f f y  i n  t h e  f o l ­
l o w i n g  m a n n e r .  F l u f f y A and  f l u f f y a  w e re  i n o c u l a t e d  o n t o  
s e p a r a t e  p l a t e s  o f  m in i m a l  medium. A f t e r  c o n f l u e n t  g r o w t h  
was o b s e r v e d ,  c o n i d i a  f ro m  r e c o m b i n a n t s  w e re  i n o c u l a t e d  o n t o  
f l u f f y . S u b s e q u e n t  t o  i n c u b a t i o n  a t  room t e m p e r a t u r e  f o r  1 
w e e k ,  t h e  a p p e a r a n c e  o f  m a t u r e  p e r i t h e c i a  was  an  i n d i c a t i o n  
o f  a  s u c c e s s f u l  c r o s s .  The r e c o m b i n a n t  i n  q u e s t i o n  was t h e n  
n o t e d  t o  be o f  o p p o s i t e  m a t i n g  t y p e  a s  t h e  f l u f f y  s t r a i n  t o  
w h i c h  i t  was  c r o s s e d .
H e t e r o k a r y o n s  b e tw e e n  r e c o m b i n a n t s  w e re  p r o d u c e d  by 
i n o c u l a t i n g  o n t o  m i n i m a l  medium two s t r a i n s  w h ic h  e x h i b i t e d  
o p p o s i t e  p h e n o t y p e s  f o r  benom yl  r e s i s t a n c e  and f o r  t r y p t o ­
p h a n  a nd  c h o l i n e  r e q u i r e m e n t ,  b u t  w h i c h  w e re  o f  t h e  same 
m a t i n g  t y p e .  B o th  c u l t u r e s  u s e d  i n  t h e  f o r m a t i o n  o f  h e t e r o ­
k a r y o n s  w e re  t e s t e d  on m in i m a l  medium t o  e n s u r e  t h a t  t h e  
t r y p  a n d  c h o l  m u t a t i o n s  w ere  n o n - l e a k y .
H e t e r o k a r y o n s  w e re  t e s t e d  f o r  r e s i s t a n c e  by  t r a n s f e r  t o  
b enom yl  s l a n t s .  G row th  r a t e s  a n d  r e s i s t a n c e  l e v e l s  w e re  
e x a m in e d  f o r  two o f  t h e  h e t e r o k a r y o n s  u s i n g  Ryan t u b e s  c o n ­
t a i n i n g  m e d i a  w i t h  g r a d e d  l e v e l s  o f  b e n o m y l .
RESULTS
G row th  E x p e r i m e n t s
The i n i t i a l  e x p e r i m e n t s  i n  t h i s  i n v e s t i g a t i o n  w e re  d e ­
s i g n e d  t o  s t u d y  t h e  e f f e c t s  o f  benom yl  on g e r m i n a t i o n  and 
g r o w t h  o f  N. c r a s s a  u n d e r  d i f f e r e n t  c o n d i t i o n s  so  t h a t  t h e  
i n f o r m a t i o n  o b t a i n e d  m i g h t  s e r v e  a s  a  b a s i s  f o r  s u b s e q u e n t  
e x p e r i m e n t s .  The r e s u l t s  p r e s e n t e d  i n  F i g u r e  3 i l l u s t r a t e  
how v a r i o u s  c o n c e n t r a t i o n s  o f  benom yl  a f f e c t  g r o w t h  o f  
N e u r o s p o r a  w i l d  t y p e  s t r a i n  7^A on s o l i d  medium. Benomyl a t  
0 . 0 5  ^»g/ml c a u s e d  a  s t i m u l a t i o n  o f  g r o w t h ,  b u t  a n  i n c r e a s e  
t o  o n l y  0 . 1 0  j i g / m l  p r o d u c e d  16^  i n h i b i t i o n  a f t e r  96 h o u r s .  
A p p r o x i m a t e l y  5 ^  i n h i b i t i o n  o c c u r r e d  a t  0 . 1 7 5  Mg/ml and  no 
i n c r e a s e  i n  g r o w t h  was o b s e r v e d  a t  c o n c e n t r a t i o n s  o f  0 . 2 5  
a nd  0 . 3 0  j i g / m l .  A l t h o u g h  i t  i s  n o t  shown h e r e ,  benom yl  had  
a  s i m i l a r  e f f e c t  on g r o w t h  o f  S F 2 6 ,  a  s t r a i n  e x h i b i t i n g  
h y p e r p r o d u c t i o n  o f  a m y la s e  and i n v e r t a s e .
I n  l i q u i d  c u l t u r e s  ( F i g u r e  4 ) ,  t h e  a d d i t i o n  o f  benom yl  
a t  t h e  t im e  o f  i n o c u l a t i o n  d i d  n o t  p r e v e n t  an  i n c r e a s e  i n  
a b s o r b a n c e  ( K l e t t  u n i t s ) ,  i n d i c a t i n g  t h a t  g e r m i n a t i o n  o f  
c o n i d i a  i s  n o t  i n h i b i t e d  and  t h a t  some g r o w t h  c o n t i n u e s  i n  
t h e  p r e s e n c e  o f  t h e  t o x i c a n t .  By t h i s  p r o c e d u r e  i n h i b i t i o n  
was n o t  o b s e r v a b l e  f o r  2 - 3  h o u r s ,  b u t  t h e  d e g r e e  o f  i n h i b i ­
t i o n  became p r o g r e s s i v e l y  l a r g e r  w i t h  t i m e .  Maximum i n h i ­
b i t i o n  o c c u r r e d  a t  a p p r o x i m a t e l y  1 . 0  j i g / m l i  by 10 h o u r s  t h e  
a b s o r b a n c e  was o n l y  o n e - h a l f  t h a t  o f  t h e  c o n t r o l  c u l t u r e .
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F i g u r e  3* The e f f e c t  o f  v a r i o u s  c o n c e n t r a t i o n s  o f  benom yl  
on g r o w t h  o f  N. c r a s s a  7^A on s o l i d  medium. 
Benomyl was a d d e d  t o  t h e  medium p r i o r  t o  i n o c u ­
l a t i o n .  S y m b o ls i  C o n t r o l  ( • )  and  benom yl  
t r e a t e d  a t  0 . 0 5  ( ° ) . 0 . 1 0  ( ■ ) ,  0 . 1 2 5  ( □ ) ,
0 . 1 5  ( a ) ,  0 . 1 7 5  (A ) ,  0 . 2 0  (© ) ,  0 . 2 5  (®) and  



















F i g u r e  4 .  The e f f e c t  o f  v a r i o u s  c o n c e n t r a t i o n s  o f  benom yl  
on g r o w t h  o f  N. c r a s s a  SF26 i n  l i q u i d  c u l t u r e .  
Benomyl was a d d e d  a t  t h e  t i m e  o f  i n o c u l a t i o n .  
S y m b o ls i  C o n t r o l  ( • )  and  benom yl  t r e a t e d  a t  
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V ery  low l e v e l s  o f  benomyl  ( 0 . 1  ; i g / m l )  a g a i n  had  a  s l i g h t  
s t i m u l a t o r y  e f f e c t  on g r o w t h .
When benom yl  was a d d e d  t o  p r e g e r m i n a t e d  c u l t u r e s  o f  
N e u r o s p o r a  ( F i g u r e  5)»  & c o m p a r a b l e  p a t t e r n  d e v e l o p e d  s u c h  
t h a t  no  r e d u c t i o n  i n  g r o w t h  was r e v e a l e d  u n t i l  2 - 3  h o u r s  
a f t e r  i n t r o d u c t i o n  o f  t h e  f u n g i c i d e  and  a  s u b s t a n t i a l  d i f ­
f e r e n c e  was s e e n  o n l y  a f t e r  some ^ - 5  h o u r s .  H ere  a g a i n ,  a  
g r a d u a l  i n c r e a s e  i n  a b s o r b a n c e  was n o t i c e d  i n  a l l  t r e a t e d  
c u l t u r e s .
F i g u r e  6 d e m o n s t r a t e s  t h e  e f f e c t  o f  benom yl  on g r o w t h  
o f  7^A a s  d e t e r m i n e d  by c h a n g e s  i n  l y o p h i l i z e d  d r y  w e i g h t  o f  
m y c e l i a .  T r e a t e d  c u l t u r e s  c o n t i n u e d  t o  g a i n  i n  w e i g h t  f o r  
h o u r s ,  j u s t  a s  d i d  c o n t r o l  c u l t u r e s .  A f t e r  t h i s  p e r i o d  t h e  
e x t e n t  o f  i n h i b i t i o n  i n c r e a s e d  g r a d u a l l y  w i t h  t i m e .  A t  16 
h o u r s ,  h o w e v e r ,  i n h i b i t i o n  c a l c u l a t e d  by t h i s  p r o c e d u r e  was 
o n l y  w h e r e a s  i n h i b i t i o n  m e a s u r e d  by d e c r e a s e  i n  a b s o r b ­
a n c e  u n i t s  was
The g r o w t h  o f  s l i m e  was a f f e c t e d  t o  a  much g r e a t e r  
e x t e n t  by t h e  a d d i t i o n  o f  benom yl  t o  t h e  medium ( F i g u r e  7 ) .  
O n ly  a  s l i g h t  i n c r e a s e  i n  a b s o r b a n c e  o c c u r r e d  i n i t i a l l y ,  and  
t h e n  g r o w t h  h a l t e d  e n t i r e l y .  T h i s  e f f e c t  i s  p r o b a b l y  due t o  
a  l a c k  o f  c e l l  w a l l  i n  s l i m e  and  more r a p i d  p e r m e a t i o n  o f  
benom yl  i n t o  t h e  c e l l .  A t  l a t e r  s t a g e s  o f  i n c u b a t i o n ,  a b ­
s o r b a n c e  d e c r e a s e d  so m e w h a t ,  p r o b a b l y  i n d i c a t i n g  l y s i s  and  
p r e m a t u r e  c e l l  d e a t h .
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F i g u r e  5* The e f f e c t  o f  v a r i o u s  c o n c e n t r a t i o n s  o f  benom yl  
on g r o w t h  o f  N. c r a s s a  SF26 i n  l i q u i d  c u l t u r e .  
Benomyl was a d d e d  a ^ t e r  4 h o u r s  p r e i n c u b a t i o n  o f  
c o n i d i a .  Sym bols*  C o n t r o l ,  ( • ) ,  and  benom yl  











F i g u r e  6 .  The e f f e c t  o f  1 . 0  p g / m l  benom yl  on g r o w t h  o f  
N. c r a s s a  7^A a s  m e a s u r e d  by l y o p h i l i z e d  d r y  
w e i g h t  o f  f i l t e r e d  c u l t u r e s .  Benomyl was  a d d ed  
a f t e r  6 h o u r s  p r e i n c u b a t i o n  and  c u l t u r e s  w ere  
rem oved  a t  1 , 2 , ^ ,  and  16 h o u r s  a f t e r  a d d i t i o n  
o f  t h e  f u n g i c i d e .  S y m b o ls i  C o n t r o l  ( • ) ,  













Figure 7. Benomyl induced inhibition of slime. Benomyl
was added at the time of inoculation. Symbolsi 
Control (■) and benomyl treated at 0.5 (•) and 
1.5 (°) Jig/ml.
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E f f e c t s  o f  Benomyl on  M o rp h o lo g y  a nd  U l t r a a t r u c t u r e
The i n f e r e n c e s  d raw n f ro m  g r o w t h  s t u d i e s  a r e  t h a t  
benom yl  d o e s  n o t  a f f e c t  g e r m i n a t i o n  o f  c o n i d i a  and  t h a t  t h e  
c o n s e q u e n c e s  o f  t r e a t m e n t  a r e  n o t  o b s e r v e d  u n t i l  a f t e r  a  l a g  
p e r i o d  o f  2 - 4  h o u r s .  To s u b s t a n t i a t e  t h e s e  d e d u c t i o n s *  
p h o t o m i c r o g r a p h s  o f  c u l t u r e s  c o n t a i n i n g  1 j i g / m l  benom yl  w ere  
made a t  i n t e r v a l s  f o l l o w i n g  i n o c u l a t i o n .  A t  1 h o u r  ( F i g u r e  
8 ,  A and  B) t h e r e  was v e r y  l i t t l e  d i f f e r e n c e  i n  a p p e a r a n c e  
o f  c o n i d i a  f r o m  c o n t r o l  and  t r e a t e d  c u l t u r e s .  By 2 h o u r s  
( F i g u r e  8 ,  C and  D ) ,  h o w e v e r ,  n e a r l y  a l l  t h e  n o r m a l  c o n i d i a  
had  p r o d u c e d  germ  t u b e s ,  some a s  l o n g  a s  45  }i» and  m e a s u r i n g
3 - 6  p  i n  w i d t h .  T r e a t e d  c o n i d i a  w e re  b e g i n n i n g  t o  g e r m i n a t e ,  
b u t  d i s p l a y e d  f o r e s h o r t e n e d ,  v e r y  b r o a d  germ t u b e s ,  o f t e n  
w i t h  m u l t i p l e  b r a n c h i n g .  A t  4  h o u r s  ( F i g u r e  9» A and B ) ,  t h e  
d i f f e r e n c e s  b e tw e e n  c o n t r o l  and  benom yl  t r e a t e d  c e l l s  became 
q u i t e  o b v i o u s .  Germ t u b e s  o f  n o r m a l  N e u r o s p o r a  w ere  l o n g ,
3 yx w id e  and  c o n t a i n e d  d i s t i n c t  c r o s s  w a l l s .  L a r g e  v a c u o l e s  
w ere  p r e s e n t  i n  many o f  t h e  c o n i d i a .  By t h i s  t i m e  n e a r l y  a l l  
t h e  t r e a t e d  c o n i d i a  had  g e r m i n a t e d ,  and  F i g u r e  9 ,  B shows 
t h e  c h a r a c t e r i s t i c  d i s t o r t i o n  o f  germ t u b e s  and  t h e  g r a n u l a r  
a p p e a r a n c e  o f  t h e  c y t o p l a s m  i n  b e n o m y l -g ro w n  c e l l s .  T h e s e  
c h a r a c t e r i s t i c s  a r e  a l s o  shown i n  F i g u r e  9* D, w h ic h  was 
t a k e n  a t  6 h o u r s .  I n  t h e  6 h o u r  c u l t u r e s ,  m u l t i p l e  germ 
t u b e s  e m a n a t i n g  f ro m  a  s i n g l e  c o n id i u m  and  n u m e ro u s  v a c u o l e s  
w ere  a p p a r e n t .  C o n i d i a  w e re  s w o l l e n  t o  a s  much a s  1 2 - 1 8  )i 
i n  d i a m e t e r ,  w h e r e a s  u n t r e a t e d  c o n i d i a  r e m a i n e d  9 i n  d i a m ­
e t e r .  Hyphae f ro m  c o n t r o l  c u l t u r e s  w ere  q u i t e  e l o n g a t e d .
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F i g u r e  8 .  P h o t o m i c r o g r a p h s  o f  N. c r a s s a  7^A t r e a t e d  w i t h
1 . 0  Mg/ml ben o m y l  w h i c h  was a d d e d  a t  t h e  t i m e  o f  
i n o c u l a t i o n .  A, c o n t r o l  a t  1 h o u r j  B, benom yl  
t r e a t e d  a t  1 h o u r i  C, c o n t r o l  a t  2 h o u r s j  D, 
b enom yl  t r e a t e d  a t  2 h o u r s .  A l l  p h o t o g r a p h s  h a v e  




F i g u r e  9 .  P h o t o m i c r o g r a p h s  o f  N. c r a s s a  74a t r e a t e d  w i t h
1 . 0  j ig /m l  b e n o m y l .  A c o n t i n u a t i o n  o f  t h e  e x p e r i ­
m en t  d e s c r i b e d  i n  F i g u r e  8 .  A, c o n t r o l  a t  4 
h o u r s i  B, benom yl  t r e a t e d  a t  4  h o u r s j  C, c o n t r o l  
a t  6 h o u r s t  D, benom yl  t r e a t e d  a t  6 h o u r s .  A l l  
p h o t o g r a p h s  h a v e  e q u a l  m a g n i f i c a t i o n  v a l u e s  and  
b a r  on  A r e p r e s e n t s  10 ;um.
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F i g u r e  1 0 .  P h o t o m i c r o g r a p h s  o f  N. c r a s s a  7**A t r e a t e d  w i t h
1 . 0  p g / m l  b e n o m y l .  A c o n t i n u a t i o n  o f  t h e  
e x p e r i m e n t  d e s c r i b e d  i n  F i g u r e  8 .  A, c o n t r o l  a t  
8 h o u r s *  B, benom yl  t r e a t e d  a t  8 h o u r s *  C, c o n ­
t r o l  a t  12 h o u r s *  D# benom yl  t r e a t e d  a t  12 h o u r s .  
A l l  p h o t o g r a p h s  hav e  e q u a l  m a g n i f i c a t i o n  v a l u e s  
and  b a r  on A r e p r e s e n t s  10 jim.
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A t 8 ( F i g u r e  1 0 ,  A and  B) and  12 ( F i g u r e  1 0 ,  C a n d  D) h o u r s ,  
u n t r e a t e d  h y p h a e  w ere  f u r t h e r  e l o n g a t e d  c o n t a i n i n g  w e l l -  
d e f i n e d  c r o s s  w a l l s  and  v a c u o l e s .  T r e a t e d  c o n i d i a ,  h o w e v e r ,  
c o n t i n u e d  t o  p r o d u c e  a b e r r a n t  h y p h a e .  A t  t h e  p o i n t  o f  c r o s s  
w a l l  f o r m a t i o n ,  t h e  h y p h a e  w e re  p i n c h e d  t o g e t h e r  and  c e l l s  
b a l l o o n e d  o u t w a r d  on b o t h  s i d e s ,  w i t h  d i a m e t e r s  o f  8 -1 2  jjl. 
H y p h a l  e x t e n s i o n  a p p e a r e d  t o  c o n t i n u e  a t  a  s lo w  r a t e  i n  t h e  
p r e s e n c e  o f  b e n o m y l .
I n  o r d e r  t o  f u r t h e r  e l u c i d a t e  t h e  p h y s i c a l  a l t e r a t i o n s  
o f  N e u r o s p o r a  a t t r i b u t a b l e  t o  b e n o m y l ,  l i q u i d  c u l t u r e s  o f  
SF26 w e re  g row n i n  t h e  p r e s e n c e  o f  v a r i o u s  c o n c e n t r a t i o n s  o f  
b e n o m y l ,  h a r v e s t e d  and p r e p a r e d  f o r  e l e c t r o n  m i c r o s c o p y .
T h in  s e c t i o n s  o f  h y p h a e  w e re  o b s e r v e d  f o r  a ny  d a i l ' e r e n c c a  i n  
s t r u c t u r e  when com p a red  w i t h  u n t r e a t e d  c e l l s .  F i g u r e s  1 1 ,
12A and  12B show e l e c t r o n  m i c r o g r a p h s  o f  t h i n  s e c t i o n s  o f  
n o r m a l  N. c r a s s a . Hyphae m e a s u r e  a p p r o x i m a t e l y  3 - 4  }x i n  
d i a m e t e r .  The c e l l  w a l l  ( 0 . 1 5  P t h i c k )  i s  com posed  o f  a  
l i g h t  and  a n  i n n e r  d e n s e  l a y e r  ( F i g u r e  1 1 ) .  O u t s i d e  t h e  w a l l  
i s  a  n e t w o r k  o f  d e n s e  f i b e r s  w h i c h  a c c u m u l a t e  a t  t h e  r e g i o n  
o f  c e l l  w a l l  i n v a g i n a t i o n  ( F i g u r e  1 2 A ) .  S e p t a  a r e  f o r m e d  by 
i n v a g i n a t i o n  and  f u s i o n  o f  t h e  w a l l  w i t h  t h e  p r o d u c t i o n  o f  a  
p o r e  t o  a l l o w  c y t o p l a s m i c  s t r e a m i n g .  T h e s e  p o r e s  may become 
p l u g g e d  ( F i g u r e  12B) a s  a  r e s u l t  o f  age  o r  c e l l  damage 
( S h a t k i n  and  T a tu m ,  1959)*  C r o s s  w a l l s  a p p e a r  a s  a  l i g h t  
a r e a  bound  on e i t h e r  s i d e  by e l e c t r o n  d e n s e  r e g i o n s .
I n s i d e  t h e  c e l l  w a l l  i s  a  c o n v o l u t e d  p l a s m a  membrane 
s u r r o u n d i n g  a d e n s e l y  p a c k e d  c y t o p l a s m i c  m a t r i x .  A s s o c i a t e d
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w i t h  t h e  membrane a r e  c o i l e d  membrane b o d i e s  a l s o  d e s c r i b e d  
by Lowry and  S u ssm an  ( 1 9 6 8 ) ,  who p o s t u l a t e d  a s s o c i a t i o n  w i t h  
e n d o p l a s m i c  r e t i c u l u m ,  and  by  Van W ink le  ( 1 9 6 9 )»  who l i n k e d  
them  w i t h  m i t o c h o n d r i a l  m em b ran es .  W i t h i n  t h e  c y t o p l a s m  
a p p e a r  n u m e ro u s  e l o n g a t e d  m i t o c h o n d r i a  ( F i g u r e  11)  m e a s u r i n g  
0 . 2 - 0 . 3  M i n  d i a m e t e r  and  f l a t t e n e d  v e s i c l e s  o f  e n d o p l a s m i c  
r e t i c u l u m .  R ib o so m e s  a r e  d a r k l y  s t a i n e d  and  a r e  s u s p e n d e d  
t h r o u g h o u t  t h e  c y t o p l a s m .  L a r g e  v a c u o l e s  a r e  f r e q u e n t l y  
p r e s e n t ,  some w h ic h  c o n t a i n  i n c l u s i o n s .  O t h e r  s m a l l  v e s i c l e s  
a r e  e v i d e n t  ( F i g u r e  1 2 ) ,  and  i t  h a s  b e e n  s u g g e s t e d  uy ^ i . a t k i n  
and  Tatum (1 9 5 9 )  t h a t  t h e y  a r e  l i p i d  g r a n u l e s .  T h e s e  s m a l l  
v e s i c l e s  a r e  commonly s e e n  n e a r  t h e  h y p h a l  t i p  (G rove  and  
B r a c k e r ,  197 0 )  and  may s e r v e  a  f u n c t i o n  i n  h y p h a l  e l o n g a t i o n .  
G ly c o g e n  ( F i g u r e  11)  may be i d e n t i f i e d  a s  i r r e g u l a r  a g g r e ­
g a t e s  w h ic h  s t a i n  l i g h t e r  t h a n  t h e  c y t o p l a s m  ( Z a l o k a r ,  1 9 6 1 ) ,  
and  zymogen i n c l u s i o n s  a r e  s e e n  a s  l a r g e ,  e l e c t r o n  d e n s e  
h e x a g o n a l  s t r u c t u r e s  ( F i g u r e s  11 and  1 2 B ) .  N u c l e i  ( F i g u r e  
12A) a r e  d i f f i c u l t  t o  d i s c e r n  w i t h  OsO^ s t a i n i n g ,  b u t  may be 
f a i n t l y  v i s i b l e  a s  l a r g e  b o d i e s  1 . 5 - 2  yx i n  d i a m e t e r  s u r ­
r o u n d e d  by a  d o u b l e  membrane and h a v i n g  i r r e g u l a r l y  s t a i n e d  
r e g i o n s  w i t h i n .
E l e c t r o n  m i c r o g r a p h s  o f  N e u r o s p o r a  t r e a t e d  w i t h  benom yl  
( F i g u r e s  13» 1^ an d  15)  d e m o n s t r a t e  t h a t  t h e  f u n g i c i d e  d o e s  
c a u s e  d i s t o r t i o n  o f  h y p h a l  s t r u c t u r e  and  d i s o r i e n t a t i o n  o f  
t h e  c y t o p l a s m .  The c e l l  w a l l  becom es  a s  w id e  a s  O .2 5 - O . 5O yx, 
and  i n  some i n s t a n c e s  t h e r e  a p p e a r s  t o  be a  d o u b l e  l a y e r  o f  
w a l l ,  e a c h  l a y e r  h a v i n g  a  l i g h t  and  d e n s e  r e g i o n  w i t h  a  v e r y
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d a r k  a r e a  s a n d w i c h e d  b e tw e e n  ( F i g u r e  1 3 ) •  The o u t e r  n e t w o r k  
o f  f i b r i l s  i s  c o n s i d e r a b l y  r e d u c e d  ( F i g u r e  13)  when c o m p ared  
w i t h  c o n t r o l  c e l l s .  O f t e n ,  c r o s s  w a l l s  a r e  n o t  n o r m a l  b u t  
a r e  s e e n  a s  t h i c k ,  i l l - d e f i n e d  a r e a s  c a u s e d  by o r  r e s u l t i n g  
i n  c o n s t r i c t i o n  o f  t h e  h y p h a  a t  t h i s  r e g i o n  ( F i g u r e  15)*
The p l a s m a  membrane i s  n o t  n o t i c e a b l y  a f f e c t e d .  M i t o c h o n d r i a  
a r e  n o t  d i s r u p t e d  e v e n  a t  h i g h  c o n c e n t r a t i o n s  o f  b e n o m y l j  
h o w e v e r ,  t h e y  o f t e n  s t a i n  w i t h  i n t e r i o r  e l e c t r o n  d e n s i t y .
Some s e c t i o n s  show a  v a s t  num ber  o f  m i t o c h o n d r i a  w i t h i n  t h e  
h y p h a  ( F i g u r e  1 4 ) .  E x a m i n a t i o n  o f  n u c l e i  ( F i g u r e  15 )  d o e s  
n o t  i n d i c a t e  t h a t  benomyl  h a s  d e t r i m e n t a l  c o n s e q u e n c e s  on 
t h e  u l t r a s t r u c t u r e  o f  t h e s e  b o d i e s .  E n d o p l a s m i c  r e t i c u l u m  
d o e s  n o t  a p p e a r  t o  be a f f e c t e d  e x c e p t  i n  d e g e n e r a t i n g  c e l l s .  
M ost  e v i d e n t ,  h o w e v e r ,  i s  t h e  i n c r e a s e  i n  n u m b er  o f  v a c u o l e s ,  
w h ic h  s o m e t i m e s  s t a i n  w i t h  more d e n s i t y  t h a n  n o r m a l  v a c u o l e s .  
A l s o  s e e n  a r e  a n  e x t r a o r d i n a r i l y  l a r g e  nu m b er  o f  s m a l l  l i p i d  
g r a n u l e s  w h ic h  c o l l e c t  i n  a r e a s  n e a r  t h e  p l a s m a  m em brane .
An e x a m i n a t i o n  o f  s l i m e  c u l t u r e s  t r e a t e d  w i t h  benom yl  
f o r  12 h o u r s  d i d  r e v e a l  t h a t  many c e l l s  c o n t a i n e d  v a c u o l e s  
w h ic h  w ere  4 t o  6 t i m e s  t h e  s i z e  o f  t h o s e  i n  u n t r e a t e d  c e l l s .  
N e v e r t h e l e s s ,  t h e s e  c u l t u r e s  w e re  84 h o u r s  o l d ,  and  l a r g e  
v a c u o l e s  w e re  s o m e t i m e s  s e e n  i n  c o n t r o l  c e l l s .  T h e r e f o r e ,  
t h e  a p p e a r a n c e  o f  l a r g e  v a c u o l e s  may i m p l y  i n c i p i e n t  c e l l  
d e a t h  r a t h e r  t h a n  a  r e a c t i o n  t o  b e n o m y l .  No o t h e r  c o m p o n e n ts  
o f  s l i m e  c e l l s ,  i . e . ,  e n d o p l a s m i c  r e t i c u l u m ,  m i t o c h o n d r i a ,  
n u c l e i  o r  p l a s m a  m em brane ,  w e re  s t r u c t u r a l l y  a f f e c t e d  by 
benomyl  t r e a t m e n t .
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F i g u r e  1 1 .  T h i n  s e c t i o n  o f  a  h y p h a  f ro m  n o r m a l  N. c r a s s a .
E x p l a n a t i o n  o f  p l a t e s .  I n  t h e  ~-.t-x-o ^  f i g u r e s  
CW s i g n i f i e s  c e l l  w a l l ;  PM, p l a s m a  m em brane i  ER, 
e n d o p l a s m i c  r e t i c u l u m i  S ,  s e p t u m ; V, v a c u o l e ;  MB, 
membrane b o d y ;  Ve,  v e s i c l e s ;  G, g l y c o g e n ;  Z ,  
zymogen i n c l u s i o n s ;  N, n u c l e u s ;  SPP,  s e p t a l  p o r e  
p l u g .  B a r  r e p r e s e n t s  1 ^m.
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F i g u r e  1 2 .  T h i n  s e c t i o n s  o f  n o r m a l  N. c r a s s a  h y p h a e  show­
i n g s  A, s e p tu m  f o r m a t i o n ,  and  B, s e p tu m  f rom  
a g i n g  c e l l s  c o n t a i n i n g  a  s e p t a l  p o r e  p l u g .  B a r s  
r e p r e s e n t  1 jim.
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F i g u r e  1 3 .  T h i n  s e c t i o n  o f  a  h y p h a  f ro m  a  c u l t u r e  o f
N. c r a s s a  t r e a t e d  w i t h  0 . 5  P g / m l  benom yl  f o r  
2k  h o u r s .  B a r  r e p r e s e n t s  1 pm.
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F i g u r e  1 4 .  T h i n  s e c t i o n  o f  a  h y p h a  f ro m  a  c u l t u r e  o f  
N. c r a s s a  t r e a t e d  w i t h  0 . 2  p g / m l  ben o m y l  
f o r  24 h o u r s .  Bax r e p r e s e n t s  1 pm.
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F i g u r e  1 5 .  T h i n  s e c t i o n  o f  a  h y p h a  f r o m  a  c u l t u r e  o f
N. c r a s s a  t r e a t e d  w i t h  0 . 5  jug /m l  benom yl  f o r  
24- h o u r s .  B a r  r e p r e s e n t s  1 pm.
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E f f e c t s  on  Membrane P e r m e a b i l i t y
T h a t  b enom yl  m i g h t  damage t h e  s e l e c t i v e  p e r m e a b i l i t y  o f  
t h e  p l a s m a  membrane was c o n s i d e r e d  a s  a  p o s s i b l e  f a c t o r  i n  
t h e  t o x i c i t y  o f  t h e  compound.  H ow ever ,  a  c o m p a r i s o n  o f  t h e  
A2 £q and  Az qq v a l u e s  o f  t h e  medium f ro m  c o n t r o l  and  t r e a t e d  
c u l t u r e s  o f  w i l d  t y p e  an d  s l i m e  i n d i c a t e d  t h e r e  was  no  l e a k ­
ag e  o f  c e l l u l a r  c o n s t i t u e n t s  i n t o  t h e  e x t e r n a l  medium. T h e r e  
was a l s o  no  c h a n g e  i n  t h e  amount  o f  p h o s p h o r u s  p r e s e n t  i n  t h e  
medium when w i l d  t y p e  N e u r o s p o r a  was grown i n  benom yl  f o r  up  
t o  2k  h o u r s .
C e l l  W a l l  S y n t h e s i s
C y t o l o g i c a l  o b s e r v a t i o n s  o f  t r e a t e d  h y p h a e  had  shown a  
c o n s i d e r a b l e  i n c r e a s e  i n  t h e  t h i c k n e s s  o f  c e l l  w a l l s  and  had 
i n d i c a t e d  t h e r e  was some e f f e c t  o f  benom yl  on c r o s s  w a l l  
f o r m a t i o n .  T h e r e  was a l s o  a  p o s s i b i l i t y  t h a t  benom yl  m i g h t  
a l t e r  t h e  a s s e m b l y  o f  c e l l  w a l l  c o m p o n e n ts  w h i c h  c o u l d  r e ­
s u l t  i n  a  s t r u c t u r a l l y  weak w a l l  a n d  w o u ld  e x p l a i n  t h e  
b u l g i n g  m a l f o r m a t i o n s  o f  t r e a t e d  m y c e l i a .  C o n s e q u e n t l y ,  c e l l  
w a l l  m a t e r i a l  was  e x t r a c t e d  f ro m  m y c e l i a l  pow der  o f  c o n t r o l  
and  t r e a t e d  c u l t u r e s  and  t h e n  f r a c t i o n a t e d  and  a n a l y z e d  t o  
d e t e r m i n e  a n y  d i f f e r e n c e s  i n  a m o u n t s  o r  i n  b i o c h e m i c a l  com­
p o s i t i o n  o f  e a c h  f r a c t i o n .  The r e s u l t s  o f  t h e s e  e x p e r i m e n t s  
a r e  su m m a r iz e d  i n  T a b l e  2 .  F o l l o w i n g  d i a l y s i s  and  l y o p h i l i -  
z a t i o n ,  t h e  w e i g h t  o f  t h e  so d ium  d o d e c y l  s u l f a t e - s o l u b l e  
( c y t o p l a s m i c )  f r a c t i o n  o f  t h e  c o n t r o l  s a m p le  was 2 . 1  t i m e s  
t h e  t r e a t e d .  H o w ev e r ,  t h e  l y o p h i l i z e d  d r y  w e i g h t  o f  t h e  c e l l
T a b l e  2 .  B i o c h e m i c a l  d a t a  on m y c e l i a ,  c e l l  w a l l  and f r a c t i o n s  o f  c e l l  w a l l  f rom  c o n t r o l  
and  benomyl t r e a t e d  c u l t u r e s  o f  N. c r a s s a  SF26.  C, c o n t r o l » T ,  t r e a t e d .
C o n t e n t s  o f  f r a c t i o n  i n  ug /m g l y o p h i l i z e d  d r y  w e i g h t
S u b s t a n c e
d e t e r m i n e d Whole
m y c e l i a C e l l  w a l l S o l u b l e I I I I I I IV
C T C T C T C T C T C T C T
L y o p h i l i z e d  




1 . 5 0 .4 0 *  0 .70* 1 . 1 6 0 .56 * 0 .0 6 * 0 .15* 0 .08 * 0 .13* 0 .0 3 * 0 .0 7 *
P r o t e i n
**
P r o t e i n




0 0 20 5
T o t a l  h e x o se 230 460 670 890 90 49 530 700 250 220 860 830 50 9r
T o t a l
h e x o se 700 820 790 890
G lu c o se 0 100 0 25 0 0 35 15 0 0
**
G lu c o s e 110 240 160 210
H exosamine 6 6 26 19
• *
H exosam ine 59 12 11 11 630 500
A c e t y l  h g $ ;  
o sam ine
41 26
* U n i t s  i n  mg F r a c t i o n  I .  g l u c o s a n ,  g a l a c t o s a m  ne p o ly m e r ,  p e p t i d e s ,
# * * A f t e r  a c i d  h y d r o l y s i s  F r a c t i 0 n  I I .  ^ l S c o s ^ a i n o r  s u g e  s
A f t e r  c h i t i n a s e  d i g e s t i o n  F r a c t i o n  I I I .  /3 - 1 , 3 - g l u c a n
F r a c t i o n  IV, c h i t i n
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w a l l  f r a c t i o n  i n  t h e  c o n t r o l  was o n l y  O .k  t h a t  o f  t h e  
b enom yl  t r e a t e d  c e l l  w a l l  f r a c t i o n .  The i n c r e a s e  i n  c e l l  
w a l l  o f  t r e a t e d  m y c e l i a  i s  r e f l e c t e d  i n  e a c h  f r a c t i o n  w h e re  
t h e  d r y  w e i g h t s  a r e  d o u b l e  t h o s e  o f  t h e  c o n t r o l s .  However* 
t h e  r a t i o  o f  e a c h  f r a c t i o n  i n  d r y  w e i g h t  t o  t h e  d r y  w e i g h t  
o f  c e l l  w a l l  ( s t a r t i n g  m a t e r i a l )  was  t h e  same i n  e v e r y  c a s e  
e x c e p t  f r a c t i o n  I I I .  I n  t h i s  i n s t a n c e  t h e  c o n t r o l  was  26£  
a n d  t r e a t e d  was 18% o f  t o t a l  c e l l  w a l l  m a t e r i a l .  T h ese  f i g ­
u r e s  i n d i c a t e  t h a t  f r a c t i o n  I I I *  w h ic h  i s  t h e - 1 , 3 - g l u e a n  
d e s c r i b e d  by M ahadevan  an»i Tatum ( 1965)1  i s  e f f e c t e d .
T h e r e  was a  d e f i n i t e  d e c r e a s e  i n  t h e  am ount  o f  p r o t e i n  
i n  t r e a t e d  m y c e l i a ,  and  t h i s  i s  m o s t  c l e a r l y  r e f l e c t e d  i n  
t h e  c y t o p l a s m i c  f r a c t i o n s .  T o t a l  h e x o s e  a n a l y s i s  showed an  
a c c u m u l a t i o n  o f  t h e s e  s u g a r s  a s  a  r e s u l t  o f  t r e a t m e n t  and 
u p o n  f r a c t i o n a t i o n  n e a r l y  a l l  t h e  h e x o s e  r e m a i n e d  i n  t h e  
c e l l  w a l l ,  p r i m a r i l y  i n  f r a c t i o n s  I  and  I I I .  The r e s u l t s  
a g r e e  w i t h  t h o s e  o f  M ahadevan  a nd  Tatum (1 9 6 5 )  who r e p o r t e d  
t h a t  50% o f  f r a c t i o n  I  i s  g l u c o s e  and  t h a t  f r a c t i o n  I I I  i s  
n e a r l y  a l l - 1 , 3 - g l u c a n .  T h e r e  was s i g n i f i c a n t l y  more h e x o s e  
i n  f r a c t i o n  I I I  o f  t h e  t r e a t e d  sa m p le  ( 1 . 3  t i m e s  t h a t  o f  
c o n t r o l ) .  T h i s  f r a c t i o n  s h o u l d  c o n t a i n  a  g l u c o s a n  and  a  
g a l a c t o s a r a i n e  p o l y m e r ,  w h i c h  ( a c c o r d i n g  t o  a n a l y s i s  o f  g l u ­
c o s e  a n d  h e x o s a m in e  a f t e r  h y d r o l y s i s )  a r e  i n c r e a s e d  and  d e ­
c r e a s e d *  r e s p e c t i v e l y ,  by b e n o m y l .  Some i n c r e a s e  i n  f r e e  
g l u c o s e  was o b s e r v e d  i n  t h e  t r e a t e d  m y c e l i a l  f r a c t i o n  1 how­
e v e r ,  i t  i s  d i f f i c u l t  t o  e x p l a i n  t h e  a b s e n c e  o f  g l u c o s e  i n  
t h e  c o n t r o l  s a m p l e .
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The c o m p o s i t i o n  o f  f r a c t i o n  I I  r e m a i n s  r e l a t i v e l y  u n ­
c h a n g e d .  A s s a y s  o f  h e x o s a m i n e  and  a c e t y l  h e x o s a m in e  s u g ­
g e s t  a  s l i g h t  a l t e r a t i o n  i n  s y n t h e s i s  o f  c h i t i n  ( f r a c t i o n  
I V ) ,  a l t h o u g h  d i f f e r e n c e s  h e r e  may be due t o  c o n t a m i n a t i o n  
o f  t h e  f r a c t i o n  by t h e  g a l a c t o s a m i n e  p o l y m e r .  The v a l u e s  
o f  a c e t y l  h e x o s a m in e  o b t a i n e d  a f t e r  c h i t i n a s e  d i g e s t i o n  a r e  
e x t r e m e l y  low (M ahadevan  and  T a tu m ,  1 9 ^ 5 )  and  we s u s p e c t  
i n c o m p l e t e  h y d r o l y s i s .
S a m p le s  o f  w h o le  c e l l  w a l l  p r e p a r a t i o n  w ere  a n a l y z e d  
f o r  n e u t r a l  s u g a r s  by g a s  c h r o m a t o g r a p h y  ( c o u r t e s y  o f  t h e  
l a t e  D r .  R. J .  W i n z l e r ) .  The r e s u l t s  ( T a b l e  3) i n d i c a t e  
b e n o m y l  t r e a t e d  w a l l  m a t e r i a l  c o n t a i n s  s l i g h t l y  l e s s  
g a l a c t o s e  a nd  more  g l u c o s e  t h a n  t h e  c o n t r o l .  The t o t a l  
am oun t  o f  c a r b o h y d r a t e / m g  c e l l  w a l l  i n  t r e a t e d  m a t e r i a l  was 
1 . 2  t i m e s  t h a t  o f  t h e  c o n t r o l .  The v a l u e s  f o r  t o t a l  c a r ­
b o h y d r a t e  w e r e  s u b s t a n t i a l l y  l o w e r  t h a n  t h o s e  o b t a i n e d  by 
t h e  p h e n o l - s u l f u r i c  a c i d  m e t h o d ,  a l t h o u g h  t h e  r a t i o s  a r e  
s i m i l a r .  Gas c h r o m a t o g r a p h i c  p r o c e d u r e s ,  h o w e v e r ,  do n o t  
a c c o u n t  f o r  t h e  p r e s e n c e  o f  s u c h  s u g a r s  a s  g l u c u r o n a t e  a n d  
a m i n o - s u g a r s ,  b o t h  o f  w h i c h  c o n s t i t u t e  a  f a i r l y  l a r g e  p r o ­
p o r t i o n  o f  t h e  c e l l  w a l l .
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T a b l e  3 . A n a l y s i s  o f  n e u t r a l  
p r e p a r a t i o n s  by g a s
s u g a r s  f ro m  w h o le  
c h r o m a t o g r a p h y .
c e l l  w a l l
j ig  s u g a r / m g  l y o p h i l i z e d  d r y  w e i g h t
S u g a r C o n t r o l T r e a t e d T r e a t e dC o n t r o l
R i b o s e 1 . 2 - -
Mannose 4 4 . 1 5 0 .1 1 . 1
G a l a c t o s e 4 5 . 9 3 8 .7 0 . 8
G l u c o s e 2 1 0 . 6 2 7 6 . 8 1 . 3
T o t a l 3 0 1 .8 3 6 5 .6 1 . 2
-  Below l i m i t  o f  d e t e c t i o n
Amino A c id  A n a l y s i s
From t h e  p r e c e d i n g  w ork  w i t h  c e l l  w a l l  f r a c t i o n a t i o n ,  
i t  became a p p a r e n t  t h a t  u p o n  l o n g  e x p o s u r e  o f  c e l l s  t o  
benom yl  (48  h o u r s ) ,  p r o t e i n  s y n t h e s i s  was r e d u c e d  a b o u t  50% 
i n  t h e  c e l l  w a l l  a s  w e l l  a s  t h e  c y t o p l a s m .  To d e t e r m i n e  i f  
t h e  d e c r e a s e  i n  p r o t e i n  s y n t h e s i s  was due  t o  a  b l o c k  i n  s y n ­
t h e s i s  o f  p a r t i c u l a r  amino  a c i d s ,  e i t h e r  f o r  t h e  w a l l  o r  f o r  
t h e  c y t o p l a s m i c  c o n s t i t u e n t s ,  a  s e r i e s  o f  amino  a c i d  a n a l y ­
s e s  was p e r f o r m e d .  I n  t h e  t r e a t e d  m y c e l i a  ( T a b l e  4 ) ,  n e a r l y  
a l l  amino a c i d s  w e re  a p p r o x i m a t e l y  4 0 #  o f  t h e  c o n t r o l ,  w h ic h  
w o u ld  be e x p e c t e d  i f  p r o t e i n  s y n t h e s i s  i t s e l f  w e re  i n h i b i t e d  
6 0 # .  P r o t e i n  e s t i m a t e d  by t h e  Lowry m eth od  ( T a b l e  2 )  o f  t h e  
m y c e l i a l  f r a c t i o n  s u b s t a n t i a t e s  t h i s  a s s u m p t i o n .  I n  t r e a t e d  
c e l l s ,  o n l y  a r g i n i n e  and  g l u t a m i c  a c i d  a r e  p r e s e n t  i n  a m o u n ts  
g r e a t e r  t h a n  4 0 #  o f  c o n t r o l .  A l t h o u g h  t h e  s y n t h e s i s  o f  t h e s e
9**
two amino a c i d s  i s  l i n k e d ,  t h e  s i g n i f i c a n c e  ( i f  a n y )  o f  t h e  
i n c r e a s e  i s  u n c l e a r .  A n a l y s i s  o f  w h o le  c e l l  w a l l  ( T a b l e  5) 
d e m o n s t r a t e d  t h a t  t h e  l e v e l s  o f  m o s t  amino  a c i d s  i n  t r e a t e d  
m a t e r i a l  w e re  kQ-60%  o f  c o n t r o l .  A l t h o u g h  t h e  Lowry was n o t  
p e r f o r m e d  on c e l l  w a l l  m a t e r i a l ,  t h e  r e s u l t s  f ro m  f r a c t i o n  I 
(w h ic h  c o n t a i n s  m o s t  o f  t h e  amino  a c i d s  o f  t h e  c e l l  w a l l )  
i n d i c a t e  p r o t e i n  i s  50% r e d u c e d  by b e n o m y l .  H i s t i d i n e  was 
m a r k e d l y  d e c r e a s e d  and  s e v e r a l  am ino  a c i d s  ( l y s i n e ,  t h r e o n i n e  
and  p r o l i n e )  e x i s t e d  i n  g r e a t e r  r e l a t i v e  c o n c e n t r a t i o n s  i n  
t r e a t e d  c e l l  w a l l  t h a n  i n  c o n t r o l .
I t  i s  s i g n i f i c a n t  t h a t  g l u c o s a m i n e  ( a s  d e t e r m i n e d  by 
amino  a c i d  a n a l y s i s )  was s u b s t a n t i a l l y  h i g h e r  i n  m y c e l i a  o f  
t r e a t e d  c u l t u r e s  ( T a b l e  *0 , and  g a l a c t o s a m i n e  was l o w e r  i n  
t r e a t e d  w a l l  m a t e r i a l  ( T a b l e  5)* The r a t i o  o f  g l u c o s a m i n e  
i n  t h e  t r e a t e d  w a l l  t o  t h a t  o f  t h e  c o n t r o l  ( 0 .7 * 0  a g r e e s  w e l l  
w i t h  t h e  r a t i o s  f o u n d  by  c o l o r i m e t r i c  e s t i m a t i o n s  o f  t h e  
c h i t i n  ( f r a c t i o n  I V ) .  The r a t i o  o f  h e x o s a m in e  i n  t h e  t r e a t e d  
w a l l  t o  t h a t  i n  t h e  c o n t r o l  w a l l  was  0 . 7 3 t  t h e  same r a t i o  f o r  
h e x o s a m in e  a f t e r  h y d r o l y s i s  was 0 . 7 8  ( T a b l e  2 ) .  D e t e r m i n a ­
t i o n  o f  h e x o s a m in e  i n  f r a c t i o n  I  ( T a b l e  2 )  w h i c h  s h o u l d  c o n ­
t a i n  g a l a c t o s a m i n e  (M ahadevan  a n d  T a tu m ,  19 6 5 )  g a v e  a  r a t i o  
o f  0 . 2 0  (ben o m y l  t r e a t e d / c o n t r o l )  r e l a t i v e  t o  t h a t  o f  0 . 3 5  
by amino a c i d  a n a l y s i s .  Prom t h e  r e s u l t s  d e s c r i b e d  a b o v e ,  
i t  seem s  t h a t  ben om yl  i n d u c e s  an  a c c u m u l a t i o n  o f  g l u c o s a m i n e  
i n  t h e  c y t o p l a s m ,  a  p o i n t  w h i c h  w i l l  become p e r t i n e n t  i n  
l i g h t  o f  f u r t h e r  d a t a .
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T a b l e  4 .  Amino a c i d  a n a l y s i s  o f  m y c e l i a  f ro m  c o n t r o l  and
t r e a t e d  c u l t u r e s .  T r e a t e d  c e l l s  w e re  grow n i n  t h e  
p r e s e n c e  o f  benom yl  ( 1 . 5  M g/m l)  f o r  *4-8 h o u r s .
Amino a c i d
u m o le s  amino  a c i d  
p e r  mg l y o p h i l i z e d  
d r y  w e i g h t
C o n t r o l  T r e a t e d
Benomyl t r e a t e d  
C o n t r o l
L y s i n e .3 5 1 .1 0 6 . 3 0
H i s t i d i n e .0 4 8 .0 2 4 .5 0
Ammonia .5 4 3 .3 5 4 . 65
A r g i n i n e .1 4 1 . 0 9 9 .7 0
A s p a r t i c  a c i d .2 5 2 .1 0 8 .4 3
T h r e o n i n e . 1 4 9 .0 8 1 .54
S e r i n e . 1 5 9
000• .5 2
G l u t a m i c  a c i d . 3 2 6 .2 02 .6 2
P r o l i n e . 1 3 9 .0 5 7 .4 1
G l y c i n e .2 4 8 . 0 8 9 .3 6
A l a n i n e .3 0 7 .1 0 1 . 3 3
i  C y s t i n e . 0 2 6 . 0 0 7 . 2 6
V a l i n e .1 5 9 .0 6 4 .4 0
M e t h i o n i n e .0 4 2 .0 1 5 . 3 5
I s o l e u c i n e .1 1 8 .0 4 7 .4 0
L e u c i n e . 2 0 5 .0 7 8 . 3 8
T y r o s i n e .0 7 4 .0 3 1 .4 2
P h e n y l a l a n i n e .0 9 2
000• .4 2
G lu c o s a m in e .0 5 1 .0 9 5 1 . 8 6
G a l a c t o s a m i n e .0 4 7 - -
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T a b l e  5* Amino a c i d  a n a l y s i s  o f  c e l l  w a l l  m a t e r i a l  f ro m  c o n ­
t r o l  a n d  t r e a t e d  c u l t u r e s .  T r e a t e d  c e l l s  were grown 
i n  th e  p r e s e n c e  o f  benom yl  ( 1 . 5  j i g / m l )  f o r  48  h o u r s .
Amino a c i d
u m o le s  am ino  a c i d  
p e r  mg l y o p h i l i z e d  
d r y  w e i g h t
C o n t r o l  T r e a t e d
Benomyl t r e a t e d  
’" C o n t r o l
L y s i n e . 0 6 9 . 0 4 9 .7 1
H i s t i d i n e • 0 00 - -
Ammonia .7 0 7 .3 3 0 .4 7
A r g i n i n e .0 0 7 - -
A s p a r t i c  a c i d .0 5 7 .0 2 9 .5 1
T h r e o n i n e .0 5 1 .0 4 1 .8 0
S e r i n e .0 6 8 .0 4 2 .6 1
G l u t a m i c  a c i d .0 4 0 .0 2 4 .6 0
P r o l i n e . 0 3 0 . 0 2 9 . 9 7
G l y c i n e .0 5 0 .0 2 1 . 4 1
A l a n i n e .0 5 7 .0 3 6 •63
i  C y s t i n e - - -
V a l i n e
000• .0 2 4 . 6 3
M e t h i o n i n e .0 0 3 .0 0 2 .67
I s o l e u c i n e .0 2 4 .0 1 2 . 5 0
L e u c i n e . 0 3 0 . 0 1 4 .4 7
T y r o s i n e - .011 -
P h e n y l a l a n i n e - .011 -
H y d r o x y p r o l i n e t r a c e t r a c e -
G lu c o s a m in e .4 2 8 .3 1 5 .7 4
G a l a c t o s a m i n e .1 7 3 .0 6 0 . 3 5
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I n v e r t a s e  P r o d u c t i o n
Prom t h e  p r e c e d i n g  e x p e r i m e n t s  i t  a p p e a r e d  t h a t  benom yl  
h ad  p r o d u c e d  m o d i f i c a t i o n s  i n  t h e  c o m p o s i t i o n ,  a n d  p e r h a p s  
t h e  s t r u c t u r e ,  o f  t h e  c e l l  w a l l .  I t  was c o n c e i v a b l e ,  t h e r e ­
f o r e ,  t h a t  t h e  e f f e c t s  o f  benom yl  on  g r o w t h  m i g h t  be due  t o  
some b e n o m y l - i n d u c e d  m a l f u n c t i o n  o f  t h e  w a l l  a n d / o r  t h e  a s ­
s o c i a t e d  p l a s m a  m em brane .  S i n c e  i n v e r t a s e  i s  a n  enzyme 
a s s o c i a t e d  w i t h  t h e  c e l l  w a l l  and  i s  a l s o  s e c r e t e d  i n t o  t h e  
medium, i t  seem ed  l o g i c a l  t o  i n v e s t i g a t e  i n v e r t a s e  a c t i v i t y  
a s  a  p a r a m e t e r  o f  c e l l - s u r f a c e  f u n c t i o n s .  T h e r e  was a l s o  a  
p o s s i b i l i t y  t h a t  i n t e r f e r e n c e  w i t h  t h e  a c t i v i t y  o r  s y n t h e s i s  
o f  t h i s  enzyme w o u ld  r e s u l t  i n  a  s c a r c i t y  o f  u t i l i z a b l e  c a r ­
bon  s o u r c e  f o r  t h e  o r g a n i s m .  The r e s u l t s  o f  i n v e r t a s e  a s s a y s  
on 2 4 - h o u r  c u l t u r e s  ( T a b l e  6) v e r i f y  t h a t  i n d e e d  i n v e r t a s e  
a c t i v i t y  i s  m a r k e d l y  d e c r e a s e d .  T h e r e  was  no  d i f f e r e n c e  when 
b enom yl  was a d d e d  a t  t h e  t i m e  o f  i n o c u l a t i o n  o r  a f t e r  6 h o u r s  
o f  g r o w t h .
To d e t e r m i n e  w h e t h e r  i n a c t i v a t i o n  o f  i n v e r t a s e  was t h e  
c a u s e  o f  g r o w t h  i n h i b i t i o n ,  s t r a i n  74A was g row n i n  m in i m a l  
m e d i a  c o n t a i n i n g  1.5% g l u c o s e  a n d  v a r i o u s  c o n c e n t r a t i o n s  o f  
b e n o m y l .  The r e s u l t s  showed t h a t  N e u r o s p o r a  was  s l i g h t l y  
l e s s  s e n s i t i v e  t o  b e n o m y l ,  b u t  i n h i b i t i o n  s t i l l  o c c u r r e d .  
A f t e r  10 h o u r s  o f  g r o w t h  i n  b e n o m y l ,  t h e r e  was no  i n h i b i t i o n  
o b s e r v e d  a t  0 . 1 5  a n d  0 . 2  ^ ig /ml  o f  t h e  t o x i c a n t .  I n h i b i t i o n  
a t  0 . 2 5  J*g/ml was 30% and  a t  0 . 5  ) ig /m l  g r o w t h  was  s u p p r e s s e d  
by 40%.
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T a b l e  6 .  I n v e r t a s e  a c t i v i t y  o f  c o n t r o l  an d  beno m y l  t r e a t e d  
m y c e l i a  f r o m  2 4 - h o u r  c u l t u r e s  o f  N. c r a s s a  S F 2 6 .
S am ple G l u c o s e
(m g/m l)
P r o t e i n  
( m g /m l )
S p e c i f i c  a c t i v i t y  
( n m o le s /m g /m  i n u t e )
C o n t r o l 6 5 . 0 2 . 4 1810
T r e a t e d  24  h o u r s 6 . 1 2 . 5 160
T r e a t e d  18 h o u r s 6 . 0 2 . 7 150
R e v e r s a l  o f  I n h i b i t i o n
T a b l e  7 l i s t s  t h e  compounds w h ic h  w e re  u s e d  i n  a n  a t ­
t e m p t  t o  r e v e r s e  t h e  i n h i b i t o r y  e f f e c t s  o f  b e n o m y l .  T h e s e  
compounds a r e  t h o s e  f o r  w h i c h  benom yl  m i g h t  a c t  a s  a n  a n a ­
l o g u e  o r  a r e  a  p a r t  o f  a  b i o s y n t h e t i c  p a th w a y  u p o n  w h ic h  
benom yl  m i g h t  e x e r t  an  i n h i b i t o r y  e f f e c t .  S e r i n e  and c y s ­
t e i n e  w e re  a l s o  i n c l u d e d  a f t e r  M a i lm an  e_t a l .  ( 1 9 7 1 )  f o u n d  
r e v e r s a l  o f  benom yl  i n h i b i t i o n  i n  S .  c e r e v i s i a e  by  t h i o l s .  
None o f  t h e  compounds  t e s t e d  h a d  an y  e f f e c t  i n  r e l i e v i n g  i n ­
h i b i t i o n  o f  g r o w t h .
E f f e c t s  on S y n t h e s i s  o f  P r o t e i n s  a n d  N u c l e i c  A c i d s
A n a l y s i s  o f  p r o t e i n s  i n  m y c e l i a  and  c y t o p l a s m i c  f r a c ­
t i o n s  o f  N e u r o s p o r a  t r e a t e d  w i t h  benom yl  f o r  48  h o u r s  ( T a b l e  
2 )  i m p l i e d  t h a t  p r o t e i n  s y n t h e s i s  m i g h t  w e l l  be t h e  t a r g e t  
o f  t h e  t o x i c a n t ' s  i n h i b i t o r y  a c t i v i t y .  T h e r e f o r e ,  i t  seem ed  
a p p r o p r i a t e  t o  d e t e r m i n e  t h e  e f f e c t  o f  benom yl  on i n  v i v o  
i n c o r p o r a t i o n  o f  r a d i o l a b e l e d  amino  a c i d s  i n t o  p r o t e i n .  As 
F i g u r e  16 i l l u s t r a t e s ,  t h e  i n t r o d u c t i o n  o f  benom yl  d i d  n o t
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T a b l e  7* Compounds t e s t e d  f o r  r e v e r s a l  o f  i n h i b i t i o n  by 
b e n o m y l  i n  N. c r a s s a .
Compound C o n c e n t r a t i o n s  u s e d  C o n c e n t r a t i o n  o f
( p g )  benom yl  ( p g / m l )
A d e n in e 100
«
0 . 5






G u a n in e 100
*
0 . 5
F o l i c  a c i d 2 , 5 .  10 0 . 5 . 1 . 0
NAD 5, 1 0 ,  20 0 . 5 . 1 . 0
T r y p t o p h a n 5 0 . 1 0 0 ,  200 0 . 5 . 1 . 0
H i s t i d i n e 5 0 , 1 0 0 ,  5 0 0 , 1 0 0 0 , 1500 1 . 0
V i t a m i n  B ^ 1 0 , 2 0 ,  5 0 , 1 0 0 ,  200 1 . 0
CTP 5 0 , 1 0 0 , 5 0 0 , 1 0 0 0 , 1500 1 . 0
TTP 5 0 , 1 0 0 ,  5 0 0 , 1 0 0 0 , 1500 1 . 0
TMP 5 0 , 1 0 0 ,  1000 1 . 0
U r i d i n e 5 0 , 1 0 0 ,  5 0 0 , 1 0 0 0 , 1500 1 . 0
S e r i n e 1 0 , 5 0 , 1 0 0 ,  200 0 . 2 , 0 . 5
M e t h i o n i n e 1 0 , 5 0 , 1 0 0 ,  200 0 . 2 , 0 . 5
C y s t e i n e 1 0 , 5 0 , 1 0 0 ,  200 0 . 2 , 0 . 5
C o n c e n t r a t i o n s  i n  p g / m l  mediumi a l l  o t h e r  v a l u e s  
r e p r e s e n t  t o t a l  p g  a p p l i e d  t o  c e n t e r  o f  a g a r  p l a t e .
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F i g u r e  1 6 .  The e f f e c t  o f  benom yl  on i n c o r p o r a t i o n  o f
C ^ - l e u c i n e  i n t o  p r o t e i n .  Benomyl was  a d d e d  
a f t e r  6 h o u r s  p r e i n c u b a t i o n  t o  g i v e  1 . 0  j a g /m l .  










d e c r e a s e  I n c o r p o r a t i o n  o f  l a b e l  u p  t o  2 h o u r s .  T h e s e  r e s u l t s  
s u g g e s t ,  t h e n ,  t h a t  t h e  p r i m a r y  s i t e  o f  i n h i b i t i o n  i s  n o t  
p r o t e i n  s y n t h e s i s  a nd  t h a t  t h e  d e c r e a s e  i n  p r o t e i n s  o b s e r v e d  
e a r l i e r  was  a  l o n g  t e r m ,  s e c o n d a r y  e f f e c t .
C lem ons  and  S i s l e r  ( 1 9 7 1 )  r e p o r t e d  t h a t  MBC r e d u c e d  i n ­
c o r p o r a t i o n  o f  l a b e l e d  p r e c u r s o r s  i n t o  DNA and  RNA o f  N.
14
c r a s s a . C o n s e q u e n t l y ,  t h e  i n c o r p o r a t i o n  o f  C - a d e n i n e  and 
H ^ - u r i d i n e  was u t i l i z e d  t o  show t h e  e f f e c t s  o f  benom yl  on 
n u c l e i c  a c i d  s y n t h e s i s  by w i l d  t y p e  N e u r o s p o r a  a s  w e l l  a s  
p u r i n e -  and  p y r i m i d i n e - r e q u i r i n g  m u t a n t s .  I n c o r p o r a t i o n  o f  
C ^ - a d e n i n e  i n t o  DNA o f  a d - 1  ( T a b l e  8)  was s l i g h t l y  i n h i b i t e d  
by 2 h o u r s  b u t  i n c o r p o r a t i o n  i n t o  RNA was n o t  a f f e c t e d .  Be­
c a u s e  s p e c i f i c  a c t i v i t i e s  a r e  low i n  t h e s e  s a m p l e s ,  i t  i s  
d i f f i c u l t  t o  a t t a c h  g r e a t  s i g n i f i c a n c e  t o  t h e  d i f f e r e n c e s  
b e tw e e n  c o n t r o l  and  t r e a t e d  s a m p l e s .  H ow eve r ,  t h e  amount  o f  
r a d i o a c t i v i t y  f o u n d  i n  t h e  TCA s u p e r n a t a n t  o f  t h e  t r e a t e d  
c e l l s  was h i g h e r  a t  15  m i n u t e s  and  60% h i g h e r  a t  2 h o u r s ,  
i n d i c a t i n g  a  p o s s i b l e  a c c u m u l a t i o n  o f  l a b e l  i n  t h e  TCA 
s o l u b l e  f r a c t i o n .
14
T a b l e  8 .  The e f f e c t s  o f  benom yl  on i n c o r p o r a t i o n  o f  C 
a d e n i n e  i n t o  DNA and  RNA o f  a d - 1 .
N u c l e i c  a c i d Sa m p le  t im e
S p e c i f i c  a c t i v i t y  
(cpm/jug n u c l e i c  a c i d )
C o n t r o l T r e a t e d
DNA 15 m i n u t e s 3 . 0  ± 0 . 5 2 . 3  ± 0 . 3
2 h o u r s 1 7 . 0  ± 1 . 2 1 3 . 0  ± 1 . 3
RNA 15  m i n u t e s 2 »k  ± 0 . 1 2 . 1  ± 0 . 1
2 h o u r s 1 4 . 7  ± 0 . 3 1 6 . 2  ± 0 . 3
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When H - ^ - u r id i n e  was u s e d  a s  a  p r e c u r s o r  ( F i g u r e  1 7 ) ,  
benom yl  c a u s e d  a  s t i m u l a t i o n  o f  i n c o r p o r a t i o n  i n t o  b o t h  DNA 
and  RNA d u r i n g  t h e  f i r s t  30 m i n u t e s ,  b u t  a f t e r  t h i s  t im e  
c o n t r o l  and  t r e a t e d  s a m p l e s  w e re  fo u n d  t o  h a v e  n e a r l y  t h e  
same s p e c i f i c  a c t i v i t i e s .  T h i s  p a t t e r n  o c c u r r e d  w i t h  w i l d  
t y p e  and  t h e  p y r i m i d i n e - r e q u i r i n g  s t r a i n ,  p y r - 3 .
B ased  u po n  t h e  p r e c e d i n g  l a b e l i n g  e x p e r i m e n t s ,  i t  seem s 
u n l i k e l y  t h a t  benom yl  p r o d u c e s  a n  i m m e d ia te  i n h i b i t i o n  i n  
s y n t h e s i s  o f  m a c r o m o l e c u l e s .  H ow ever ,  i t  i s  e n t i r e l y  c o n ­
c e i v a b l e  t h a t  p r o t e i n  a n d / o r  n u c l e i c  a c i d  s y n t h e s i s  may be 
a f f e c t e d  a f t e r  a  2 - h o u r  p e r i o d .  I n d e e d ,  t h e  work  o f  C lemons 
and  S i s l e r  (1 9 7 1 )  s u g g e s t s  t h i s  i s  t h e  c a s e .  C u l t u r e s  o f  
c o n t r o l  and  t r e a t e d  N e u r o s p o r a  w e re  rem o ved  a t  l o n g e r  i n t e r ­
v a l s  a f t e r  a d d i t i o n  o f  benom yl  and  p r o c e s s e d  f o r  e x t r a c t i o n  
and  e s t i m a t i o n  o f  p r o t e i n ,  DNA and  RNA by c o l o r i m e t r i c  m e t h ­
o d s .  F i g u r e  1 8 ,  i n  w h ic h  t h e  r e s u l t s  a r e  p l o t t e d  a s  p e r  
c e n t  o f  c o n t r o l ,  e s t a b l i s h e s  t h a t  benom yl  p r o d u c e d  an  i n i t i a l  
s t i m u l a t i o n  i n  f o r m a t i o n  o f  DNA f o l l o w e d  by  a  r e d u c t i o n  i n  
s y n t h e s i s  t o  a p p r o x i m a t e l y  50# o f  c o n t r o l  a t  8 h o u r s .  S y n ­
t h e s i s  o f  RNA showed much t h e  same r e s u l t s ,  d e c r e a s i n g  t o  
75#  o f  c o n t r o l  a t  8 h o u r s .  P r o t e i n  s y n t h e s i s  a l s o  was s t i m u ­
l a t e d  a t  f i r s t ,  b u t  d r o p p e d  a f t e r  15 m i n u t e s ,  and  f i n a l  c o n ­
c e n t r a t i o n  o f  p r o t e i n  i n  t r e a t e d  c e l l s  was a s  h i g h  a s  9 0 - 95#  
o f  c o n t r o l .
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F i g u r e  1 7 .  The e f f e c t  o f  benom yl  on i n c o r p o r a t i o n  o f
H ^ - u r i d i n e  i n t o  DNA and  RNA. Benomyl was a d d ed  
a f t e r  6 h o u r s  p r e i n c u b a t i o n  t o  g i v e  1 . 0  ju g /m l .  
S y m b o ls i  DNA c o n t r o l  ( • ) ,  DNA benom yl  
t r e a t e d  ( o ) , RNA c o n t r o l  ( ■ ) ,  RNA benom yl  
t r e a t e d  ( □ ) .
■ » " ■ *>
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F i g u r e  18 .  E f f e c t  o f  benom yl  on p r o t e i n ,  DNA and  RNA s y n ­
t h e s i s  i n  N. c r a s s a .  Benomyl ( 1 . 0  u g / m l )  was 
a d d e d  a f t e r  6 h o u r s  p r e i n c u b a t i o n  and  s a m p l e s  
rem oved  a t  15  m i n u t e s ,  30 m i n u t e s ,  1 ,  2 , 4  and  
8 h o u r s .  P r o t e i n ,  DNA and  RNA c o n t e n t  o f  
benomyl  t r e a t e d  c e l l s  a r e  p l o t t e d  a s  p e r  c e n t  


















T I M E  ( H O U R S )
107
108
D o u b l e - L a b e l i n g  E x p e r i m e n t s
S i n c e  t h e r e  i s  a n  u n m i s t a k a b l e  l a g  w h ic h  p r e c e e d s  t h e  
i n h i b i t o r y  e f f e c t s  o f  b e n o m y l ,  i t  i s  p o s s i b l e  t h a t  t h e  a c ­
t u a l  s i t e  o f  a c t i o n  o f  t h e  t o x i c a n t  i n v o l v e s  a  p r o c e s s  p r i o r  
t o  t h e  i n c o r p o r a t i o n  o f  n u c l e o t i d e s  i n t o  n u c l e i c  a c i d s .  We 
c h o s e ,  t h e r e f o r e ,  t o  f o l l o w  t h e  p a t t e r n  o f  n u c l e o t i d e  and
n u c l e i c  a c i d  s y n t h e s i s  o v e r  a  p e r i o d  o f  8 h o u r s  a f t e r  t h e
11+a d d i t i o n  o f  benom yl  t o  p r e i n c u b a t e d  c u l t u r e s .  B o th  C
a d e n i n e  and  H ^ - u r i d i n e  w e re  u s e d  a s  p r e c u r s o r s .  T a b l e  9
shows t h e  c a l c u l a t e d  r a d i o a c t i v i t y  p r e s e n t  i n  t h e  h o m o g e n a te s
and  i n  t h e  a q u e o u s  f r a c t i o n  f o l l o w i n g  p h e n o l  e x t r a c t i o n .  The 
14 1a m o u n ts  o f  C and  i n  h o m o g e n a te s  o f  c o n t r o l  a nd  t r e a t e d
c e l l s  w e re  e s s e n t i a l l y  e q u i v a l e n t .  H o w ev e r ,  a t  30 m i n u t e s ,
t h e  l e v e l s  o f  r a d i o a c t i v i t y  i n  t h e  a q u e o u s  f r a c t i o n  o f  t h e
t r e a t e d  s a m p le  w e re  n e a r l y  3 t i m e s  t h o s e  o f  t h e  c o n t r o l .  At
2 h o u r s ,  t h e  a q u e o u s  p o r t i o n s  w e re  c o m p a r a t i v e l y  t h e  sam e,
a n d  by 4 and  8 h o u r s ,  l a b e l  i n  w a t e r  s o l u b l e  c o m p o n e n ts  o f
t h e  t r e a t e d  s a m p l e s  was c o n s i d e r a b l y  r e d u c e d .  By 4 h o u r s ,
14 8t h e  r a t i o s  o f  C a n d  YtJ i n  t h e  a q u e o u s  f r a c t i o n  r e l a t i v e  t o  
t h e  t o t a l  i n  t h e  h o m o g e n a te  was l e s s  i n  b o t h  s a m p l e s i  n e v e r ­
t h e l e s s ,  t h e  r a t i o s  i n  t h e  t r e a t e d  w ere  a b o u t  o n e - h a l f  t h o s e  
o f  t h e  c o n t r o l .
Column c h r o m a t o g r a p h y  on D E A E - c e l l u l o s e  was p e r f o r m e d  
t o  d e t e r m i n e  how t h e  l a b e l  was  d i s t r i b u t e d  among b a s e s ,  
n u c l e o s i d e s ,  n u c l e o t i d e s  and  n u c l e i c  a c i d s .  O n ly  t h e  r e s u l t s  
f r o m  t h e  2 and  8 h o u r  s a m p l e s  a r e  shown. M ost  o f  t h e  l a b e l  
a t  2 h o u r s  a p p e a r e d  i n  a  m a j o r  p e a k  e l u t i n g  a t  0 . 7  M N aC l ,
Ik  ^
T a b le  9 .  D i s t r i b u t i o n  o f  C and i n  v a r i o u s  f r a c t i o n s  f o l l o w i n g  p h e n o l  e x t r a c t i o n  o f  
h o m o g e n a te s .
Sample T o t a l  dpm i n  homo- 
g e n a t e / m g  d r y  w e i g h t
C1*
T o t a l  dpm i n  a q u e o u s  
f r a c t i o n / m g  d r y  w e i g h t
Cl k  H3
dpm i n a q u eo u s
dpm i n  hom ogena te
Cl k  H3
C o n t r o l 30 m in . 3 6 .3 5 0 8 ,7 3 0 950 280 0 .0 2 6 0 .0 3 2
T r e a t e d 30 m in . 3 2 .2 5 0 9 ,9 5 0 2510 810 0 .0 7 8 0 .0 8 1
C o n t r o l 2 h o u r s 2 8 ,6 3 0 1 7 ,8 3 0 740 330 0 .0 2 6 0 .0 1 9
T r e a t e d 2 h o u r s 2 7 ,4 3 0 1 8 ,9 8 0 670 250 0 .0 2 4 0 .0 1 3
C o n t r o l 4 h o u r s 2 0 ,0 5 0 1 2 ,5 0 0 130 60 0 .0 0 6 0 .0 0 5
T r e a t e d 4 h o u r s 2 1 ,0 1 0 1 1 ,8 9 0 60 20 0 .0 0 3 0 .0 0 2
C o n t r o l 8 h o u r s - - 350 120 - -
T r e a t e d 8 h o u r s • 10 10
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14an d  t r e a t e d  m a t e r i a l  c o n t a i n e d  s l i g h t l y  more C them  d i d  
c o n t r o l  m a t e r i a l  ( F i g u r e  19)* P r e c e d i n g  t h i s  m a j o r  peak  
w ere  s e v e r a l  s m a l l e r  o n e s ,  a l s o  s l i g h t l y  h i g h e r  i n  t h e  
t r e a t e d  s a m p l e .  The u n l a b e l e d  p e a k s  e l u t i n g  a t  0 . 0 5  M and 
0 . 2  M NaCl w e re  s u b s t a n t i a l l y  g r e a t e r  i n  t h e  c o n t r o l .  I n  
t h e  8 - h o u r  c u l t u r e s ,  a s  s e e n  i n  F i g u r e  2 0 ,  t h e  p e ak  e l u t i n g  
a t  0 . 7  M NaCl h ad  v i r t u a l l y  d i s a p p e a r e d  f ro m  t h e  t r e a t e d  
sa m p le  w h e r e a s  t h e  s m a l l e r  p e a k s  p r e c e d i n g  i t  had  i n c r e a s e d  
i n  r a d i o a c t i v i t y  r e l a t i v e  t o  t h e  c o n t r o l .
P r e l i m i n a r y  i d e n t i f i c a t i o n  o f  t h e  m a j o r  p e a k s  was 
d e t e r m i n e d  by c o m p a r i s o n  t o  t h e  e l u t i o n  p a t t e r n  o f  a  g r o u p  
o f  s t a n d a r d s .  A m ix e d  sa m p le  o f  known b a s e s ,  n u c l e o s i d e s ,  
n u c l e o t i d e s  and  n u c l e i c  a c i d s  was p a s s e d  t h r o u g h  a  DEAE- 
c e l l u l o s e  co lum n  j u s t  a s  d e s c r i b e d  above  f o r  e x p e r i m e n t a l  
s a m p l e s .  B a s e s  a n d  n u c l e o s i d e s  e l u t e d  b e tw e e n  0 . 0 5  and  0 . 2  M 
N a C l ,  n u c l e o t i d e s  a t  0 . 3  t o  0 . 4  M NaCl a n d  RNA a t  0 . 6  t o  
0 . 7  M N aC l .
A t  8 h o u r s  t h e  p e a k  e l u t i n g  a t  0 . 7  M NaCl ( F i g u r e  20)
was m o s t  a f f e c t e d  by b e n o m y l ,  t h e r e f o r e ,  f u r t h e r  e x p e r i m e n t s
w e re  c a r r i e d  o u t  ( u s i n g  f r a c t i o n s  1 5 0 - 1 9 0 )  t o  a s c e r t a i n  i t s
i d e n t i t y .  M e a s u r e m e n t s  o f  r a d i o a c t i v i t y ,  ^260 3X1(1 ^ 2 8 0
b e f o r e  and  a f t e r  d i a l y s i s  showed t h a t  b o t h  t h e  c o n t r o l  and
t r e a t e d  f r a c t i o n s  w e re  d i a l y z a b l e .  The * 2 8 0 ^ ^ 2 6 0  v a ^u e s
t h e  d i a l y z e d  m a t e r i a l  w e re  0 . 5 9  and  0 . 7 9  f o r  t h e  c o n t r o l  and
t r e a t e d ,  r e s p e c t i v e l y ,  i n d i c a t i n g  t h e  f o r m e r  was p r i m a r i l y
n u c l e i c  a c i d  b u t  t h a t  t h e  l a t t e r  c o n t a i n e d  some p r o t e i n .  
C o l o r i m e t r i c  a n a l y s i s  o f  RNA, DNA and  p r o t e i n  v e r i f i e d  t h a t
I l l
F i g u r e  1 9 .  D E A E - c e l l u l o s e  co lum n  c h r o m a t o g r a p h y  o f  t h e
a q u e o u s  f r a c t i o n s  f ro m  h o m o g e n a te s  o f  N. c r a s s a  
grown f o r  2 h o u r s  i n  t h e  p r e s e n c e  o f  c T ^ - a d e n l n e  
an d  H 3 - u r i d i n e .  A, c o n t r o l 1 B, benom yl  t r e a t e d
a t  1 . 0  u g / m l .  S y m b o l s 1 ( ------ ) ,  ( ------ ) #
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F i g u r e  2 0 .  D E A E - c e l l u l o s e  co lum n  c h r o m a t o g r a p h y  o f  t h e
a q u e o u s  f r a c t i o n s  f ro m  h o m o g e n a te s  o f  N. c r a s s a  
grown f o r  8 h o u r s  i n  t h e  p r e s e n c e  o f  C ^ - a c i e n i n e  
an d  H ^ - u r i d i n e .  A, c o n t r o l i  B, benom yl  t r e a t e d  
a t  1 . 0  ju g /m l .  S ym b o ls  a r e  t h e  same a s  t h o s e  
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t h e  c o n t r o l  f r a c t i o n  was  a l l  RNA ( ? 0 6  Mg t o t a l )  w h e r e a s  t h e  
t r e a t e d  was a  m i x t u r e  o f  RNA (66  Mg t o t a l )  a n d  p r o t e i n  ( 1 . 1  
m g ) .  No IMA was d e t e c t e d  i n  e i t h e r  f r a c t i o n .
B i o c h e m i c a l  A n a l y s i s  t o  16 H o u rs
The g r a d u a l  d e c r e a s e  i n  RNA and  DNA c o n t e n t  and  i n  t h e  
i n c o r p o r a t i o n  o f  l a b e l e d  p r e c u r s o r s  i n t o  t h e s e  n u c l e i c  a c i d s  
i n  c e l l s  t r e a t e d  f o r  8 h o u r s  w i t h  benomyl  p r o v i d e d  e v i d e n c e  
t h a t  t h e  e f f e c t s  o f  b e n om yl  i n  N e u r o s p o r a  w ere  somehow m a n i ­
f e s t e d  i n  t h e  m e t a b o l i s m  o f  n u c l e i c  a c i d s ,  b u t  t h a t  t h e  i n ­
h i b i t i o n  was d e l a y e d  r a t h e r  t h a n  i m m e d i a t e .  T h e r e f o r e ,  a  
s e r i e s  o f  b i o c h e m i c a l  t e s t s  w e re  p e r f o r m e d  on  c y t o p l a s m i c  
f r a c t i o n s  f r o m  c u l t u r e s  g row n i n  t h e  p r e s e n c e  o f  Che t o x i ­
c a n t  f o r  p e r i o d s  o f  1 t o  16 h o u r s .  T h i s  was  done i n  an  a t ­
t e m p t  t o  c o r r e l a t e  t h e  p r o g r e s s i v e  e f f e c t s  o f  benom yl  u p on  
s e v e r a l  a s p e c t s  o f  m e t a b o l i s m .  The r e s u l t s  o f  p r o t e i n  and  
RNA a s s a y s  a r e  p r e s e n t e d  i n  F i g u r e  2 1 .  P r o t e i n  c o n t e n t  r e ­
m a in e d  u n a f f e c t e d  u n t i l  14 h o u r s  a f t e r  t h e  a d d i t i o n  o f  b e n o ­
myl a n d  e v e n  a t  16 h o u r s  i n h i b i t i o n  was v e r y  s l i g h t .  RNA 
s y n t h e s i s ,  on t h e  o t h e r  h a n d ,  was s u p p r e s s e d  a t  30 m i n u t e s ,  
r e c o v e r e d  a t  2 h o u r s ,  a n d  was t h e n  p r o g r e s s i v e l y  i n h i b i t e d  
t o  8 1^  a t  16 h o u r s .  The c o n c e n t r a t i o n  o f  DNA i n  t h e s e  sam­
p l e s  was  t o o  low t o  be d e t e c t e d  c o l o r i m e t r i c a l l y .  W i th  t h e  
e x c e p t i o n  o f  t h e  1 - h o u r  s a m p l e ,  t h e s e  o b s e r v e d  e f f e c t s  on 
p r o t e i n  and  RNA s y n t h e s i s  w e re  s i m i l a r  t o  t h e  r e s u l t s  o b ­
t a i n e d  u s i n g  a  d i f f e r e n t  p r o c e d u r e  ( F i g u r e  1 8 ) .
116
F i g u r e  2 1 .  The e f f e c t  o f  benom yl  on  p r o t e i n  (mg/mg d r y
w e i g h t )  and  RNA (pg /m g  d r y  w e i g h t )  s y n t h e s i s  i n  
N. c r a s s a  7**A. C u l t u r e s  w e re  grow n i n  t h e  p r e s ­
e n c e  o f  1 . 0  p g / m l  benom yl  f o r  1 t o  16 h o u r s .  
Benomyl was  a d d e d  a f t e r  6 h o u r s  p r e i n c u b a t i o n .  
S y m b o ls i  C o n t r o l  p r o t e i n  ( • ) ,  benom yl  t r e a t e d  
p r o t e i n  ( o ) ,  c o n t r o l  RNA ( ■ ) ,  benom vl  t r e a t e d  

































The l e v e l s  o f  t o t a l  p h o s p h o r u s  a t  1 h o u r  ( F i g u r e  22)  
w e re  5*8 and  7 . 0  jum oles /m g  l y o p h i l i z e d  d r y  w e i g h t  i n  c o n t r o l  
and  t r e a t e d  s a m p l e s ,  r e s p e c t i v e l y .  By 2 h o u r s ,  b o t h  s a m p l e s  
c o n t a i n e d  a p p r o x i m a t e l y  5 ^ m o l e s / m g ,  a  l e v e l  w h ic h  was m a i n ­
t a i n e d  u p  t o  16 h o u r s .  M e a s u r e m e n t s  o f  l a b i l e  and  e x t r a -  
l a b i l e  p h o s p h o r u s  p r o d u c e d  i d e n t i c a l  r e s u l t s ,  and  o n l y  d a t a  
f ro m  t h e  d e t e r m i n a t i o n s  o f  l a b i l e  p h o s p h o r u s  a r e  shown 
( F i g u r e  2 2 ) .  At  1 h o u r ,  t h e  v a l u e s  w e re  h i g h e r  i n  t h e  
t r e a t e d  s a m p l e i  a t  2 h o u r s  t h e y  w e re  e q u i v a l e n t  t o  t h o s e  o f  
t h e  c o n t r o l ,  b u t  i n c r e a s e d  a g a i n  b e tw e e n  8 and  16 h o u r s .  A t  
16 h o u r s  l a b i l e  p h o s p h o r u s  i n  t r e a t e d  s a m p l e s  c o i n c i d e d  w i t h  
d e c r e a s e s  i n  RNAj i t  i s  p o s s i b l e  t h e  two phenom ena  a r e  a s ­
s o c i a t e d .  E s t i m a t i o n s  o f  t o t a l  h e x o s e  ( F i g u r e  23)  r e v e a l e d  
t h a t  benom yl  c a u s e d  a  r e d u c t i o n  i n  t o t a l  h e x o s e  c o n t e n t  o f  
t h e  c y t o p l a s m  by  1 h o u r .  I n  t r e a t e d  c u l t u r e s ,  h e x o s e  c o n t e n t  
i n c r e a s e d  w i t h  t i m e ,  b u t  a t  a  s l o w e r  r a t e  so  t h a t  a t  16 h o u r s  
t h e  c o n c e n t r a t i o n  o f  t o t a l  h e x o s e  was 67% o f  c o n t r o l .
E x t r a c t i o n  o f  B a s e s .  N u c l e o s i d e s  a nd  N u c l e o t i d e s
From t h e  p r e v i o u s  r e s u l t s  i t  seem ed  l i k e l y  t h a t  n u c l e i c  
a c i d  s y n t h e s i s  was  i n d e e d  a f f e c t e d  by b e n o m y l .  H ow eve r ,  t h e  
q u a n t i t a t i o n  o f  b a s e s ,  n u c l e o s i d e s  and  n u c l e o t i d e s  was i n ­
c o n c l u s i v e .  T h e r e f o r e ,  u n d e r  t h e  a s s u m p t i o n  t h a t  t h e  s y n ­
t h e s i s  o f  n u c l e o t i d e s  was i n  some way a l t e r e d  i n  t h e  p r e s e n c e  
o f  b e n o m y l ,  a n o t h e r  e x p e r i m e n t  was d e s i g n e d  t o  m e a s u r e  t h e  
l e v e l s  o f  n u c l e i c  a c i d  p r e c u r s o r s .  The e l u t i o n  p a t t e r n s  o f  
c o n t r o l  and  t r e a t e d  (^ 8  h o u r s )  s a m p l e s  f rom D E A E - c e l l u l o s e
1 1 9
F i g u r e  2 2 .  The e f f e c t  o f  benom yl  on t o t a l  p h o s p h o r u s  and
l a b i l e  p h o s p h o r u s  c o n t e n t  ( ^ m o le s /m g  d r y  w e i g h t )  
o f  N. c r a s s a  7^A. C u l t u r e s  w ere  g rown a s  d e -  
s c r i b e d  i n  F i g u r e  2 1 .  S y m b o l s t  T o t a l  p h o s p h o r u s  
o f  c o n t r o l  ( • ;  and  benom yl  t r e a t e d  ( o ) j  l a b i l e  









F i g u r e  2 3 . The e f f e c t  o f  b en o m y l  on t o t a l  h e x o s e  c o n t e n t  
(mg/mg d r y  w e i g h t )  o f  N. c r a s s a  7^A. C u l t u r e s  
w e re  grown a s  d e s c r i b e d  i n  F i g u r e  2 1 .  S y m b o ls i  
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c o lu m n s  ( F i g u r e  24)  d e m o n s t r a t e  t h a t  t h e  c o n c e n t r a t i o n s  o f  
b a s e s  and  n u c l e o s i d e s  ( p e a k  I I )  w e re  much l o w e r  i n  benomyl  
t r e a t e d  c e l l s .  The l e v e l s  o f  n u c l e o t i d e s  i n  p e ak  V w ere  
e q u i v a l e n t  b u t  t h o s e  i n  p e ak  IV w ere  l o w e r  i n  t h e  t r e a t e d  
s a m p l e .  O n ly  v e r y  s m a l l  a m o u n t s  o f  n u c l e i c  a c i d  were  
e l u t e d  w i t h  1 M N a C l ,  p r o b a b l y  due t o  t h e  s t r o n g  b i n d i n g  
f o r c e s  b e tw e e n  t h e  D E A E - c e l l u l o s e  and  n u c l e i c  a c i d .  
C h r o m a to g r a p h y  o f  p e a k  V i n  i s o b u t y r i c  acidiNH^OHiHgO 
r e v e a l e d  f o u r  c o m p o n e n ts  f rom  t h e  c o n t r o l  s a m p le  and  f i v e  
f rom  t h e  t r e a t e d .  Q u a n t i t a t i o n  o f  e a c h  o f  t h e s e  c o m p o n e n ts  
and  t h e i r  p r o b a b l e  i d e n t i t i e s ,  w h ic h  w e re  d e t e r m i n e d  by 
s p e c t r a ,  c h r o m a t o g r a p h y  i n  a n o t h e r  s o l v e n t  and  e l e c t r o ­
p h o r e s i s ,  a r e  g i v e n  i n  T a b l e  10 .  C om ponen ts  C2 and T2 have  
b e e n  t e n t a t i v e l y  c l a s s i f i e d  a s  UDP. U D P - g lu c o s e  (UDPG) was 
f o u n d  e x c l u s i v e l y  i n  t r e a t e d  s a m p l e s  a s  was  a  co m p o n e n t  
w h ic h  f l u o r e s c e d  u n d e r  u l t r a v i o l e t  l i g h t .  T h i s  f l u o r e s c e n t  
m a t e r i a l  c o u l d  be o f  p a r t i c u l a r  i n t e r e s t  s i n c e  i t  c h r o m a t o ­
g r a p h e d  w i t h  a d e n o s i n e  i n  b o t h  s o l v e n t  s y s t e m s .  R e s u l t s  
shown i n d i c a t e  t h a t  benom yl  i n d u c e d  c h a n g e s  i n  t h e  d i s t r i ­
b u t i o n  o f  a d e n i n e  and  u r i d i n e  n u c l e o t i d e s  s u c h  t h a t  q u a n ­
t i t i e s  o f  AMP, ADP and  UMP w e re  r e d u c e d  a n d ,  p o s s i b l y ,  UDP 
(C2 and  T2 ) was i n c r e a s e d .
12k
F i g u r e  2 k ,  D E A E - c e l l u l o s e  co lum n  c h r o m a t o g r a p h y  o f  N. c r a s s a  
n u c l e i c  a c i d s  and  n u c l e i c  a c i d  p r e c u r s o r s .  Beno­
myl ( 1 . 0  j i g / m l )  was a d d e d  a t  6 h o u r s  and  c u l t u r e s  
w e re  a l l o w e d  t o  grow i n  t h e  p r e s e n c e  o f  t h e  
t o x i c a n t  f o r  ^8  h o u r s .  The a q u e o u s  p o r t i o n  r e ­
s u l t i n g  f r o m  a  p h e n o l  e x t r a c t i o n  o f  m y c e l i a  was
p a s s e d  t h r o u g h  t h e  c o lu m n .  C o n t r o l  ( -----) ,
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T a b l e  1 0 .  The e f f e c t  o f  benom yl  on d i s t r i b u t i o n  o f  n u c l e o ­
t i d e s  I n  N. c r a a s a . C, c o n t r o l *  T ,  t r e a t e d *  F I ,  
f l u o r e s c e n t  c o m p o n e n t .
C om ponen ts  o f  
p e a k  V f o u n d  by 
c h r o m a t o g r a p h y
A260 e ^u ^ e d  m a t e r i a l P r o b a b l e  
i d e n t i t i e s  
o f  c o m p o n e n tsA2 6 o m a t e r i a l  a p p l i e d
° i 0 . 1 6 UXP
0 . 1 1 UXP, UDPG, F I
C2 0 . 3 7 UXP
T2 0 . 6 7 UXP, F I
C3 0 . 1 9 UMP
T3
0 . 0 8 UMP, UDPG, F I
0 . 0 2 -
% 0 . 2 8 AMP, ADP
T 5
0 . 1 1 AMP, ADP, F I
U s i n g  c h r o m a t o g r a p h y  a nd  u l t r a v i o l e t  s p e c t r a ,  t h e  com­
p o n e n t s  o f  p e a k  I I  f ro m  c o n t r o l  and  t r e a t e d  s a m p l e s  ( F i g u r e  
2 ^ )  w e re  s i m i l a r l y  d e t e r m i n e d  ( T a b l e  1 1 ) .  R e m a r k a b l y ,  u r a c i l  
w as  a b s e n t  f ro m  t h e  t r e a t e d  s a m p l e s  and  u r i d i n e  a p p e a r e d  t o  
be d r a m a t i c a l l y  r e d u c e d .  A d e n o s i n e  ( o r  a d e n i n e ) ,  w h ic h  was 
p r e s e n t  i n  r e l a t i v e l y  l a r g e  q u a n t i t y  i n  t h e  t r e a t e d  s a m p le  
was n o t  i n  t h e  c o n t r o l .  A g a i n ,  a  f l u o r e s c e n t  c o m po n en t  was 
f o u n d  f ro m  t h e  benom yl  t r e a t e d  c e l l s  w h i c h  had  t h e  same 
m o b i l i t y  i n  i s o b u t y r i c  acidiNH^OHiHgO a s  a d e n o s i n e .  The 
c o n c e n t r a t i o n  o f  T^ was t o o  l o w  f o r  u l t r a v i o l e t  s p e c t r u m  and  
f u r t h e r  c h r o m a t o g r a p h y ,  b u t  i t  t r a v e l e d  n e a r  u r i d i n e  and 
g u a n o s i n e  i n  i s o b u t y r i c  ac id iN H ^O H ih^O . C l a s s i f i c a t i o n  o f
1 2?
t h i s  c o m p o n e n t  w i l l  be w i t h h e l d  due  t o  i n c o n c l u s i v e  d a t a .
T a b l e  1 1 .  The e f f e c t  o f  benom yl  on  d i s t r i b u t i o n  o f  b a s e s  
a nd  n u c l e o s i d e s  i n  N. c r a s s a . C, c o n t r o l i  T ,  
t r e a t e d f  F I ,  f l u o r e s c e n t  c o m p o n e n t .
C om ponen ts  o f  
p e ak  I I  f o u n d  by 
c h r o m a t o g r a p h y
A260  e l u t e d  m a t e r i a l P r o b a b l e  
i d e n t i t i e s  
o f  c o m p o n e n ts^260  ma"te r i a l  a p p l i e d
c i 0 . 7 0 U r i d i n e
0 . 0 5 -
C2 0 . 3 1 U r a c i l
0.9*+ A d e n o s i n e  
o r  a d e n i n e
T 3 - F I
The E f f e c t  o f  Benomyl on A s c o s p o r e  S e g r e g a t i o n
S e v e r a l  r e s e a r c h  g r o u p s  hav e  p o s t u l a t e d  t h a t  MBC and 
benomyl  i n h i b i t  c e l l  d i v i s i o n  i n  y e a s t s  (H am m e rsch la g  and  
S i s l e r ,  1 9 7 3 )  and  f u n g i  (C lem ons  and  S i s l e r ,  1 9 7 1 ) j  D a v i d s e ,  
1 9 7 3 ) .  T h e r e f o r e ,  e x p e r i m e n t s  w e re  d e s i g n e d  t o  d e t e r m i n e  
w h e t h e r  d i v i s i o n  was  a f f e c t e d  i n  N e u r o s p o r a . B l a c k  a s c o -  
s p o r e s  p r o d u c e d  i n  a  c r o s s  c o n t a i n  a  n o r m a l  genome and a r e  
v i a b l e  s p o r e s .  W h i te  s p o r e s  a r e  a b e r r a n t  and  n o n - v i a b l e ,  
t h u s  an  i n c r e a s e  i n  t h e  n u m b er  o f  w h i t e  a s c o s p o r e s  f ro m  a 
c r o s s  s i g n i f i e s  a  m a l f u n c t i o n  i n  t h e  p r o c e s s  o f  a s c o s p o r e  
f o r m a t i o n .  The d a t a  p r e s e n t e d  i n  T a b l e  12 s u g g e s t  t h a t  b e n o ­
myl c a u s e s  a n  i n c r e a s e  i n  w h i t e  s p o r e s j  h o w e v e r ,  t h e s e  r e ­
s u l t s  m u s t  be i n t e r p r e t e d  w i t h  c a u t i o n  s i n c e  t h e  r e s u l t s  a r e  
o f t e n  e r r a t i c .  A p p a r e n t l y ,  t h e  m e th o d s  f o r  d e t e r m i n i n g  p e r
1 2 8
c e n t  v i a b i l i t y  a r e  n o t  r e l i a b l e  and  t h o s e  v a l u e s  s h o u l d  be 
d i s r e g a r d e d .
T a b l e  1 2 .  The e f f e c t  o f  benomyl  on a s c o s p o r e  s e g r e g a t i o n  i n  
N . c r a s s a .
C o n c e n t r a t i o n s  ( j ig /m l )  #  B l a c k  a s c o s p o r e s
o f  benom yl  on w h ic h    % V i a b i l i t y
c r o s s e s  w e re  c a r r i e d  o u t  #  W h i te  a s c o s p o r e s
0 . 0 2 2 . 8 , 2 5 . 7 7 9 , 57
0 . 1 2 7 . 3 . 3 4 . 0 58, 86
0 . 1 2 5 1 9 . 6 91
0 . 1 5 2 4 . 7 . 1 6 . 7 3 2 . 65
0 . 1 7 5 1 6 . 6 74
0 . 2 0 1 7 . 7 . 1 3 . 9 4 8 , 86
M u t a g e n i c  E f f e c t s  o f  Benomyl T r e a t m e n t
The m e th o d  o f  f i l t r a t i o n  e n r i c h m e n t  was e m p lo y e d  f o r  
t h e  s e l e c t i o n  o f  a u x o t r o p h i c  m u t a n t s  f o l l o w i n g  t r e a t m e n t  
w i t h  c o n c e n t r a t i o n s  o f  benom yl  w h ic h  w o u ld  j u s t  p e r m i t  
g r o w t h .  The c a l c u l a t e d  m u t a t i o n  r a t e s  a t  6 2 - h o u r  s a m p l i n g  
t i m e  ( T a b l e  13)  i m p l y  t h a t  benomyl  may be s l i g h t l y  m u ta ­
g e n i c .  H ow ever ,  a t  7 0 ,  82 and  88 h o u r s ,  t h e  nu m b er  o f  
m u t a t i o n s  i n  t r e a t e d  s a m p l e s  w e re  no  g r e a t e r  t h a n  i n  t h e  
c o n t r o l .
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T a b l e  13• M u t a g e n i c  e f f e c t s  o f  benom yl  a s  d e t e r m i n e d  by 
f i l t r a t i o n  e n r i c h m e n t .
S a m p l i n g
t im e
( h o u r s )
M u t a t i o n  r a t e  (x  10®)
C o n t r o l Benomyl t r e a t e d  
0 . 2 7  ^ ig /m l  0 . 2 9  j jg /m l
62 7 . 6 1 7 . 6  1 2 . 8
70 6 . 4 1 3 . 6  4 . 0
82 1 . 6 2 . 8  2 . 4
88 4 . 8 1 . 2  2 . 0
G e n e t i c s  o f  R e s i s t a n c e
A l t h o u g h  40  b e n o m y l - r e s i s t a n t  m u t a n t s  w e re  i s o l a t e d ,
15  o f  t h e s e  w e re  c h o s e n  f o r  c o m p l e t e  m ap p in g  p r o c e d u r e s  s u c h  
t h a t  t h e s e  15  w o u ld  be r e p r e s e n t a t i v e  o f  b o t h  m a t i n g  t y p e s  
a s  w e l l  a s  h i s t *  o r  h i s t " p h e n o t y p e s .  The c h a r a c t e r i s t i c s  
o f  t h e s e  m u t a n t s  a r e  l i s t e d  i n  T a b l e  14 .
E i g h t  o f  t h e  m u t a n t s  w e re  c r o s s e d  t o  s u i t a b l e  m a t i n g  
t y p e s  o f  a l c o y  s t r a i n  f o r  p r e l i m i n a r y  l i n k a g e  t e s t s .  A lc o y  
c a r r i e s  t h r e e  r e c i p r o c a l  t r a n s l o c a t i o n s  w i t h  r e a d i l y  " v i s ­
i b l e "  m a r k e r s  n e a r  t h e  i n t e r c h a n g e  p o i n t s  so  t h e  p r e s e n c e  o f  
t h e  g e n e  i n  q u e s t i o n  on e i t h e r  o f  t h e  l i n k a g e  g r o u p s  i n v o l v e d  
i n  t h e  t r a n s l o c a t i o n  c a n  be d i s c e r n e d  by l i n k a g e  t o  t h e  
m a r k e r .  The m a r k e r  f o r  t h e  I i l l  t r a n s l o c a t i o n  i s  a l  ( a l ­
b i n o ) ,  t h e  one  f o r  IViV i s  c o t - 1  ( c o l o n i a l  t e m p e r a t u r e  s e n ­
s i t i v e ) ,  a n d  t h e  one f o r  I I I i V I  i s  y l o - 1  ( y e l l o w ) .  The 
r e s u l t s  o f  t h e  c r o s s e s  a r e  l i s t e d  i n  t h e  A p p e n d i x ,  T a b l e  1 ,  
and  c l e a r l y  show t h a t  benom yl  r e s i s t a n c e  i s  l i n k e d  t o  y l o - 1 ,
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T a b l e  1*4-. C h a r a c t e r i s t i c s  o f  b e n o m y l - r e s i s t a n t  m u t a n t s  
u s e d  i n  m a p p in g  s t u d i e s .
















+ r e q u i r e s  h i s t i d i n e  s u p p l e m e n t  
-  d o e s  n o t  r e q u i r e  h i s t i d i n e  i n  t h e  medium
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i . e . ,  a l l  o r a n g e  a s c o s p o r e  i s o l a t e s  a r e  r e s i s t a n t  and  a l l  
y e l l o w  i s o l a t e s  a r e  s e n s i t i v e .  R e s i s t a n c e  r e l a t i v e  t o  
c o t - 1  o r  t o  a l  show s 50% s e g r e g a t i o n  and t h e r e f o r e  no l i n k ­
a g e .  Prom t h i s  c r o s s ,  t h e n ,  t h e  b e n o m y l - r e s i s t a n t  l o c u s  c a n  
be a s s i g n e d  t o  e i t h e r  l i n k a g e  g r o u p  I I I  o r  V I .  B e c a u se  a l l  
8 m u t a n t s  g a v e  t h e  same r e s u l t ,  i t  was  deemed u n n e c e s s a r y  t o  
c r o s s  t h e  r e m a i n i n g  7 w i t h  a l c o y .
The a s s i g n m e n t  o f  t h e  r e s i s t a n t  gen e  t o  a  s p e c i f i c  
l i n k a g e  g r o u p  was a c c o m p l i s h e d  v i a  a  c r o s s  w i t h  s t r a i n s  1207 
and  1208 w h ic h  c a r r y  a  m a r k e r  t r y p ~ on l i n k a g e  g r o u p  I I I  and 
y l o - 1  on l i n k a g e  g r o u p  V I .  P h e n o t y p e s  o f  t h e  a s c o s p o r e s  
f r o m  t h e s e  c r o s s e s  a r e  p r e s e n t e d  i n  t h e  A p p e n d i x ,  T a b l e  2 .  
H e re  a g a i n  t h e  r e s u l t s  d e f i n i t e l y  show l i n k a g e  b e tw e e n  b e n o ­
m yl r e s i s t a n c e  and  y l o - 1  on l i n k a g e  g r o u p  V I .
A c t u a l  map l o c a t i o n  o f  t h e  r e s i s t a n t  g en e  was d e t e r ­
m in e d  f ro m  c r o s s e s  o f  t h e  m u t a n t s  t o  N e u r o s p o r a  s t r a i n s  
2091  a n d  2 0 9 2 , w h ic h  p o s s e s s  t h r e e  m a r k e r s  on l i n k a g e  g r o u p  
VI ( t r y p - 2 . y l o - 1  a n d  c h o l - 2 ) . I t  i s  known t h a t  t h e  s e ­
q u e n c e  o f  t h e s e  m a r k e r s  on t h e  chromosome i s  t r y p - 2 . . .  
y l o - 1 . . . c h o l - 2 . F o r  c o n v e n i e n c e  i n  d e t e r m i n i n g  r e c o m b i n ­
a n t s ,  t h e  b e n o m y l - r e s i s t a n t  a l l e l e  was a r b i t r a r i l y  p l a c e d  
s o  t h a t  t h e  s e q u e n c e  w o u ld  be t r y p - 2 . . . b e n r . . . y l o - 1 . . .  
c h o l - 1 . T h e n ,  r e c o m b i n a n t s  w e re  s c o r e d  i n  s e t s  o f  t h r e e ,  
i . e . ,  b e tw e e n  t r y p - 2 . b e n r  and  y l o - 1 , b e tw e e n  t r y p - 1 . b e n r  
and  c h o l - 2  and  b e tw e e n  t r y p - 2 , y l o - 1  and  c h o l - 2 . The d a t a  
f ro m  a l l  t h e s e  c r o s s e s  a r e  shown i n  t h e  A p p e n d i x ,  T a b l e s  3»
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4  a nd  5* Prom t h e  r e s u l t s  o b t a i n e d ,  i t  became o b v i o u s  t h a t  
b e n r  was n o t  s i t u a t e d  b e tw e e n  t r y p - 2  and  y l o - 1 . b u t  i n s t e a d  
was b e t w e e n  y l o - 1  and  c h o l - 2  and  was v e r y  n e a r  y l o - 1 . The 
map was r e a r r a n g e d ,  t h e r e f o r e ,  a nd  r e g i o n s  w e re  n u m b ered  
f o r  c o n v e n i e n c e  a s  f o l l o w s i
I 1 r - r ----------------------------------------- 1
t r y p - 2  y l o - 1 __ ben________________________ c h o l - 2
' n---------------1 '— i — '
i--------------------------------------------------------- 1
A summary o f  t h e  map d i s t a n c e s  i n  e a c h  r e g i o n  d e t e r m i n e d  
f ro m  a l l  c r o s s e s  i s  l i s t e d  i n  T a b l e  15* T a k i n g  t h e  a v e r  
a g e s  f ro m  a l l ,  t h e  map u n i t s  c a n  be a s s i g n e d  a s  s u c h i
1 7 . 9  3 2 . 1
i-----------------------------------------  1-r z ----------------------------   1
t r y p - 2  y l o - 1  b en__________________________ c h o l - 2
J  L
1 5 . 7  2 . 9
i______
3 2 . 9
T hu s  benom yl  r e s i s t a n c e  i s  q u i t e  c l o s e l y  l i n k e d  t o  y l o - 1  
i n  l i n k a g e  g r o u p  VI o f  N e u r o s p o r a .
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T a b l e  15* Map d i s t a n c e s  b e tw e e n  t h e  b e n r  a l l e l e  an d  m a r k e r  
a l l e l e s  on  l i n k a g e  g r o u p  Vl i n  N. c r a s s a .
R e g io n
M u ta n t 1 2 3 4 5
159 1 . 8 32 19 17 34
128 0 . 0 32 10 10 32
5810 3 . 5 29 15 12 32
5107 3 . 0 26 18 14 27
519 2 . 9 34 15 12 33
526 3 . 1 32 20 17 35
111 2 . 5 30 15 14 31
5102 2 . 4 34 23 21 35
5210 4 . 8 31 16 11 31
572 3 . 2 32 18 15 35
123 3 . 8 39 18 15 36
5128 3 . 0 32 18 19 31
586 1 . 8 33 24 25 35
557 3 . 3 26 22 19 27
511 4 . 8 39 18 15 39
Once map d i s t a n c e s w ere o b t a i n e d ,  t h e m u t a n t s  w e re
t e s t e d  f o r  t o l e r a n c e  t o  i n c r e a s i n g  c o n c e n t r a t i o n s  o f  b e n o m y l .  
T h i s  was done  t o  a s c e r t a i n  w h e t h e r  r e s i s t a n c e ,  e v e n  t h o u g h  i t  
was  a p p a r e n t l y  due  t o  a  s i n g l e  l o c u s ,  was m a n i f e s t e d  t o  t h e  
same d e g r e e  i n  a l l  m u t a n t s .  T a b l e  16 i l l u s t r a t e s  t h a t  t h e
13^
r e s i s t a n t  s t r a i n s  do n o t  w i t h s t a n d  t h e  same c o n c e n t r a t i o n s  
o f  benom yl  i n  t h e  medium. Of t h e  15> m u t a n t s  128 and  519 
a r e  t h e  m o s t  r e s i s t a n t  a n d  557 i s  t h e  l e a s t  r e s i s t a n t .
T a b l e  16 .  Growth r a t e s  (mm/day) o f  b e n o m y l - r e s i s t a n t  m u t a n t s  on s o l i d  medium c o n t a i n i n g  
v a r i o u s  c o n c e n t r a t i o n  o f  benom yl .
Number
o f
m u t a n t 0 0 . 2 0 . 5
C o n c e n t r a t i o n  
1 . 0  1 . 5
o f  benomyl 
2 . 0  2 . 5
( j ig /ml  medium) 
3 . 0  5 . 0 7 . 0 i o . o  1 5 .0
511 92 100 95 80 70
516 40 38 38 39 28
519 82 78 68 40 35 20
526 100 85 98 55 38 0
5210 30 25 10 2 0
557 65 60 55 35 19 0
572 50 41 40 40 31 22 0
586 40 35 30 28 23  0
5810 95 95 95 95 50 ^5 0
5102 66 62 15 0
5107 70 85 80 70 55 35
5128 85 65 40 30 11 0
111 55 48 38 10 0
128 42 32 22 18
159 90 70 50 40 35 0
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DISCUSSION
The i n h i b i t o r y  a c t i v i t y  o f  benomyl i n  N. c r a s a a  seem s 
t o  r e q u i r e  t h e  d y n am ic  p r o c e s s e s  o f  g r o w t h ,  o r  h y p h a l  e l o n ­
g a t i o n .  R e s u l t s  o f  g r o w t h  c u r v e s  and  p h o t o m i c r o g r a p h s  o f  
c u l t u r e s  i n d i c a t e  t h a t  benom yl  d o e s  n o t  p r e v e n t  i n i t i a l  g e r ­
m i n a t i o n ,  b u t  on ce  germ t u b e s  h a v e  e m e r g e d ,  t h e y  a r e  s u s c e p ­
t i b l e  t o  t h e  t o x i c  e f f e c t s  o f  t h e  f u n g i c i d e .  G e r m i n a t i n g  
c o n i d i a  a r e  more s e n s i t i v e  t o  e q u i v a l e n t  c o n c e n t r a t i o n s  o f  
benom yl  on s o l i d  medium t h a n  i n  l i q u i d  s h a k i n g  c u l t u r e s .
The i n c r e a s e d  e f f e c t  on s t a t i c  c u l t u r e s  was a l s o  o b s e r v e d  by 
D e c a l l o n e  and  M eyer  (1 9 7 2 )  who s t u d i e d  benom yl  i n h i b i t i o n  o f  
F .  o x y s p o r u m .
The t im e  l a g  w h i c h  o c c u r s  b e f o r e  i n h i b i t i o n  o f  g r o w t h  
becom es  e v i d e n t  p r o v o k e s  s e v e r a l  p o s s i b l e  e x p l a n a t i o n s .
F i r s t ,  t h e  t o x i c a n t  may n o t  e n t e r  t h e  c e l l  i m m e d i a t e l y  due  
t o  a  p e r m e a b i l i t y  b a r r i e r .  S e c o n d l y ,  a  c o n c e n t r a t i o n  e f f e c t  
i n s i d e  t h e  c e l l  may be n e c e s s a r y  t o  p r o d u c e  an  o b s e r v a b l e  
c h a n g e  i n  m e t a b o l i s m i  t h a t  i s ,  t h e r e  may be a  t h r e s h o l d  l e v e l  
o f  benom yl  r e q u i r e d  f o r  i n h i b i t i o n  so  t h e  l a g  r e p r e s e n t s  t h e  
t i m e  d u r i n g  w h ic h  benom yl  a c c u m u l a t e s  i n  t h e  c y t o p l a s m .  A l ­
t h o u g h  t h i s  p r o j e c t  d i d  n o t  e n c o m p a s s  any  s t u d i e s  c o n c e r n i n g  
t h e  p e r m e a b i l i t y  p r o p e r t i e s  o f  b e n o m y l ,  o t h e r s  hav e  r e p o r t e d  
t h a t  f u n g i c i d e s  i n  g e n e r a l  a r e  t a k e n  u p  q u i t e  r a p i d l y  ( M i l ­
l e r ,  1959)*  A b s o r p t i o n  o f  t h i a b e n d a z o l e  o c c u r s  d u r i n g  t h e  
f i r s t  6 m i n u t e s  o f  i n c u b a t i o n  ( G o t t l i e b  and  Kumar,  1970)  and
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MBC l a  a s s i m i l a t e d  t o  a  maximum c o n c e n t r a t i o n  by c e l l s  o f  
N. c r a a s a  w i t h i n  30 m i n u t e s  a f t e r  a d d i t i o n  o f  t h e  t o x i c a n t  
(C lem ons  and  S i s l e r ,  1971)*  D e c a l l o n e  and  M eyer  (1 9 7 2 )  have  
f o u n d  t h a t  benom yl  i s  a b s o r b e d  by c o n i d i a  o f  F .  oxy sp o rum  so  
q u i c k l y  t h a t  70#  o f  maximum u p t a k e  t a k e s  p l a c e  i n  15 m i n u t e s  
and  90# by ^ 5  m i n u t e s .  T h e r e f o r e ,  i t  seem s u n l i k e l y  t h a t  
p e r m e a b i l i t y  i s  a  f a c t o r  i n  t h e  l a g  t im e  o b s e r v e d  w i t h  b e n o ­
m y l ,  and  b e c a u s e  maximum c o n c e n t r a t i o n s  o f  t h e  t o x i c a n t  a r e  
p r o b a b l y  a t t a i n e d  w i t h i n  30 m i n u t e s ,  i t  i s  a l s o  d o u b t f u l  
t h a t  t h e  l a g  i s  due  t o  t i m e  r e q u i r e d  f o r  i n t r a c e l l u l a r  a c ­
c u m u l a t i o n  o f  benom yl  t o  t h r e s h o l d  l e v e l s .
More t e n a b l e  e x p l a n a t i o n s  f o r  t h e  d e l a y  i n  i n h i b i t o r y  
e f f e c t s  d e p e n d  p a r t l y  u p o n  t h e  age  o f  t h e  c u l t u r e s  and  t h e  
t i m e  a t  w h i c h  benom yl  i s  a d d e d .  I f  t h e  f u n g i c i d e  i s  a d d e d  
a t  t h e  t i m e  o f  i n o c u l a t i o n ,  an  i n c r e a s e  i n  a b s o r b a n c e  o r  d r y  
w e i g h t  d o e s  n o t  o c c u r  f o r  s e v e r a l  h o u r s .  T h i s  i s  b e c a u s e  
c o n i d i a  a r e  i n  t h e  p r o c e s s  o f  g e r m i n a t i o n j  germ t u b e s  a r e  
s h o r t  and  t h e r e  i s  l i t t l e  g a i n  i n  c e l l  m a s s .  A f t e r  2 t o  3 
h o u r s ,  d i f f e r e n c e s  i n  germ  t u b e  e l o n g a t i o n  become more 
d e t e c t a b l e  by t h e  a s s a y  m e th o d s  u s e d .  I f  benom yl  i s  a d d e d  
a f t e r  g e r m i n a t i o n  i s  c o m p l e t e ,  t h e n  h y p h a l  e l o n g a t i o n ,  w h ic h  
p r o c e e d s  a t  a  r a p i d  r a t e ,  cam be more d i s c r i m i n a t e l y  m e a s ­
u r e d  by i n c r e a s e  i n  a b s o r b s m c e ,  and  t h e  t i m e  l a g  i s  s l i g h t l y  
s h o r t e r .  H ow ever ,  i f  d r y  w e i g h t s  a r e  d e t e r m i n e d ,  no c h a n g e  
i s  n o t e d  u n t i l  a f t e r  4  h o u r s .  T h i s  phenomenon i s  a p p a r e n t l y  
due t o  a  c o n t i n u a t i o n  i n  s y n t h e s i s  o f  c e l l  w a l l  m a t e r i a l  
w h ic h  p r o v i d e s  e n o u g h  w e i g h t  ( i n  t h e  i n i t i a l  s t a g e s )  t o
1 3 8
o vercom e t h e  i n h i b i t o r y  e f f e c t s  on c y t o p l a s m i c  s y n t h e s i s .
I n  s p i t e  o f  t h e  d i f f e r e n c e s  i n  l a g  t i m e s  d e p e n d e n t  
upon  how g r o w t h  c u r v e s  w e re  d o n e ,  t h e  d e l a y e d  e f f e c t  was 
p r e s e n t .  F u r t h e r  e x p l a n a t i o n s  f o r  t h i s  d e l a y  w i l l  be o f ­
f e r e d  i n  t h e  d i s c u s s i o n  c o n c e r n i n g  m e t a b o l i c  c h a n g e s .
E l e c t r o n  m i c r o g r a p h s  r e v e a l e d  t h a t  t h e  i n t e r n a l  o r g a n i ­
z a t i o n  o f  benom yl  t r e a t e d  N e u r o s p o r a  was c o n s i d e r a b l y  m o d i ­
f i e d .  The s t r u c t u r e  o f  t h e  e n d o p l a s m i c  r e t i c u l u m  became 
d i s o r i e n t e d  and  d i s p e r s e d  a s  was s e e n  i n  c e l l s  o f  B. f a b a e  
t r e a t e d  w i t h  benomyl  (Richmond and  P r i n g ,  1 9 7 1 ) -  T r e a t e d  
c e l l s  o f  w i l d  t y p e  and  s l i m e  u s u a l l y  c o n t a i n e d  a  num ber  o f  
l a r g e  v a c u o l e s ,  some o f  w h i c h  a p p e a r e d  t o  h a v e  c y t o p l a s m i c  
m a t e r i a l  w i t h i n .  The f o r m a t i o n  o f  v a c u o l e s  m i g h t  be a 
r e a c t i o n  t o  v a r i a t i o n s  i n  o s m o t i c  p r e s s u r e  i n s i d e  t h e  c e l l ,  
r e s u l t i n g  f ro m  c h a n g e s  i n  c o n t r o l  o f  p e r m e a b i l i t y  a t  t h e  
p l a s m a  m em brane .  P e r i o d i c  A2 ^q a n d  A2 qq m e a s u r e m e n t s  o f  t h e  
medium f rom  c u l t u r e s  o f  w i l d  t y p e  a n d  s l i m e  t r e a t e d  f o r  2k  
h o u r s  e x h i b i t e d  no i n c r e a s e  i n  m a t e r i a l s  a b s o r b i n g  a t  t h e s e  
wave l e n g t h s .  T h e r e  was a l s o  no  i n c r e a s e  o f  p h o s p h o r u s  i n  
t h e  medium. By t h e s e  c r i t e r i a ,  t h e n ,  t h e r e  was no  l e a k a g e  
o f  c e l l u l a r  c o m p o n e n ts  i n t o  t h e  e x t e r n a l  medium w h i c h  w o u ld  
i n d i c a t e  damage t o  t h e  p l a s m a  m em brane .  L a b e l i n g  e x p e r i m e n t s  
have  s u b s t a n t i a t e d  t h i s  c o n c l u s i o n  s i n c e  t h e r e  was no i n h i b i ­
t i o n  i n  e n t r y  o f  l a b e l e d  p r e c u r s o r s  i n t o  t h e  c e l l s  g rown i n  
b e n o m y l .  The p o s s i b i l i t y  o f  w a t e r  i n f l u x  i n t o  t h e  t r e a t e d  
h yphae  c a n  n o t  be d i s r e g a r d e d )  h o w e v e r ,  R o b e r t s o n  and  R i z v i
( 1 9 6 8 )  m a i n t a i n  t h a t  N e u r o s p o r a  d o e s  n o t  r e s p o n d  t o  c h a n g e s
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i n  o s m o t i c  p r e s s u r e  by d e v e l o p m e n t  o f  v a c u o l e s  b u t  i n s t e a d  
i t  b r a n c h e s  s u b a p i c a l l y .  I t  se em s  more f e a s i b l e  t h a t  t h e s e  
v a c u o l e s  r e p r e s e n t  am i n c r e a s e  i n  a u t o l y t i c  a c t i v i t y  due  t o  
i n c i p i e n t  c e l l  d e a t h .  One m u s t  k e e p  i n  m ind  t h a t  t h e  u l t r a -  
s t r u c t u r a l  cham ges  o b s e r v e d  h e r e  a r e  t h e  r e s u l t  o f  24 h o u r s  
i n c u b a t i o n  i n  benomyl  amd may o n l y  be s e c o n d a r y  e f f e c t s .
F o r  a  c l e a r e r  p i c t u r e  o f  t h e  im m e d ia t e  c o n s e q u e n c e s  o f  b e n o ­
myl t r e a t m e n t ,  s t u d i e s  s h o u l d  be c a r r i e d  o u t  on s a m p l e s  
t a k e n  f ro m  c u l t u r e s  a t  e a r l i e r  i n t e r v a l s  a f t e r  a d d i t i o n  o f  
t h e  t o x i c a n t .
E l e c t r o n  m i c r o g r a p h s  o f  t r e a t e d  m y c e l i a  a l s o  i l l u s t r a t e  
t h e  i n c r e a s e  i n  c e l l  w a l l  t h i c k n e s s  s u r r o u n d i n g  a  h y p h a l  
s t r u c t u r e  w h i c h  h a s  become m i s s h a p e n  and  b u l b o u s .  S i m i l a r  
m o r p h o l o g i c a l  d i s t o r t i o n s  due t o  f u n g i c i d a l  a c t i o n  h a v e  b e e n  
r e p o r t e d  by  o t h e r  r e s e a r c h e r s  ( G o t t l i e b  and  Kumar, 1 9 7 0 j 
C lem ons  a nd  S i s l e r ,  1 9 7 1 ) .  B e t i n a  e t  a l .  ( 1 9 6 6 )  a l s o  f o u n d  
d i s t e n d e d ,  i r r e g u l a r  h y p hae  when A s p e r g i l l u s  f u m i g a t i s  was  
t r e a t e d  w i t h  c y a n e i n ,  a n d  t h e y  p o s t u l a t e d  t h e s e  c h a n g e s  w ere  
r e l a t e d  t o  a l t e r a t i o n s  i n  m o r p h o g e n e s i s  v i a  i n h i b i t i o n  o f  
n u c l e i c  a c i d  and p r o t e i n  s y n t h e s i s .  B e n t  a n d  Moore ( 1 9 6 6 ) 
saw m a l f o r m e d  hyphae  i n  B o t r y t i s  a l l i i  t r e a t e d  w i t h  g r i s e o -  
f u l v i n .  I n  N. c r a s s a  t h e  t h i c k n e s s  o f  t h e  c e l l  w a i l  e n v e l ­
o p i n g  t h e  h y p h a l  s t r a n d  s u g g e s t s  t h a t  new w a l l  m a t e r i a l  i s  
l a i d  a r o u n d  t h e  e n t i r e  p e r i m e t e r  r a t h e r  t h a n  a t  t h e  h y p h a l  
t i p  a s  i n  n o r m a l  e l o n g a t i o n  ( B a r t n i c k i - G a r c i a ,  19681  H u n s l e y  
and  B u r n e t t ,  1 9 7 0 ) .  The b u l g i n g  o f  c e l l s  may, t h e r e f o r e ,  
r e f l e c t  an  i n t e r f e r e n c e  w i t h  t h e  c o n t r o l  o f  h y p h a l  e x t e n s i o n
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s u c h  t h a t ,  i n  e f f e c t ,  t h e  c e l l s  a r e  g r o w i n g  i n  a l l  d i r e c t i o n s  
a t  o n c e .
S p i t z e n k o r p e r , w h i c h  a r e  s m a l l  v e s i c l e s  u s u a l l y  f o u n d  a t  
t h e  h y p h a l  a p e x  and  a r e  p re s u m e d  t o  f u n c t i o n  i n  w a l l  s y n t h e ­
s i s  (Grove  and  B r a c k e r ,  19 70 )  w e re  o f t e n  s e e n  a t  v a r i o u s  
l o c a t i o n s  i n  t r e a t e d  c e l l s .  T h i s  a l s o  i m p l i e s  t h a t  c e l l u l a r  
c o n t r o l  o f  e l o n g a t i o n  i s  a l t e r e d  by b e n o m y l ,  a l t h o u g h  t h e  
e f f e c t  may w e l l  be a  s e c o n d a r y  o n e .  From t h e  m i c r o g r a p h s  i t  
seem s l i k e l y  t h a t  c r o s s  w a l l  f o r m a t i o n ,  t o o ,  i s  a f f e c t e d  by 
t h e  p r e s e n c e  o f  t h e  t o x i c a n t .  O f t e n ,  l a t e r a l  c e l l  w a l l s  w e re  
p i n c h e d  t o g e t h e r  w i t h  c o i n c i d e n t  a c c u m u l a t i o n  ^  ' p '11 ^ n l l
m a t e r i a l .  O c c a s i o n a l l y  n a r r o w  p a s s a g e w a y s  w ere  o b s e r v e d  
w h i c h  w o u ld  a l l o w  c y t o p l a s m i c  s t r e a m i n g ,  b u t  n o r m a l  s e p t a l  
p o r e s  w e re  n o t  d e t e c t e d .
B i o c h e m i c a l  a n a l y s i s  o f  m y c e l i a  v e r i f i e d  t h a t  c o n t i n u a l  
s y n t h e s i s  o f  c e l l  w a l l  o c c u r s  i n  t h e  p r e s e n c e  o f  benom yl  
w i t h  c o n c u r r e n t  r e d u c t i o n  i n  c y t o p l a s m i c  c o n s t i t u e n t s .  The 
i n c r e a s e  i n  t o t a l  h e x o s e  o f  t h e  m y c e l i a  i s  a t t r i b u t a b l e  t o  
t h e  i n c r e a s e  o f  s u g a r s  i n  w a l l  m a t e r i a l ,  s i n c e  t o t a l  h e x o s e  
o f  t h e  s o l u b l e  f r a c t i o n  r e m a i n s  l o w e r  i n  t r e a t e d  c e l l s .  I t  
i s  a p p a r e n t l y  g l u c o s e  and  g l u c o s a m i n e  w h ic h  a r e  i n c o r p o r a t e d  
t o  a  g r e a t  e x t e n t  i n t o  w a l l s  o f  t r e a t e d  h y p h a e ,  and  t h i s  i s  
r e f l e c t e d  i n  t h e  i n c r e a s e d  a m o u n ts  o f  g l u c o s a n  and/S - 1 , 3 "  
g l u e a n  p o l y m e r s .  C h i t i n  s y n t h e s i s  i s  s l i g h t l y  r e d u c e d  a s  a  
r e s u l t  o f  benom yl  t r e a t m e n t .  M o d i f i c a t i o n s  i n  c e l l  w a l l  
c o m p o s i t i o n  u n d o u b t e d l y  h a v e  a n  e f f e c t  on t h e  f u n c t i o n  o f  t h e  
w a l l  a s  w e l l  a s  t h e  m o r p h o lo g y  o f  t h e  f u n g u s .  S e v e r a l
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i n v e s t i g a t o r s  h a v e  shown t h a t  c h a n g e s  i n  w a l l  c o m p o s i t i o n  
a r e  r e s p o n s i b l e  f o r  c o l o n i a l  m o r p h o lo g y  i n  N e u r o s p o r a  
( d e T e r r a  a n d  T a tu m ,  1 9 6 3 ) ,  and  t h e s e  c h a n g e s  m o s t  f r e q u e n t l y  
o c c u r  i n  f r a c t i o n  I  (M ahadevan  and  T a tu m ,  1 9 6 5 ) .  T h i s  i s  an 
i n t e r e s t i n g  p o i n t  s i n c e  low c o n c e n t r a t i o n s  o f  benom yl  c a n  
i n d u c e  g r o w t h  o f  N e u r o s p o r a  r e s e m b l i n g  some c o l o n i a l  m u t a n t s ,  
a nd  t h e  m o s t  r a d i c a l l y  a l t e r e d  f r a c t i o n  i n  benom yl  t r e a t e d  
c e l l s  i s  f r a c t i o n  I  ( T a b l e  2 ) .  R e i s s i g  and  G lasgo w  (1 9 7 1 )  
h av e  f o u n d  a  g a l a c t o s a m i n e  m u c o p o l y s a c c h a r i d e  w h i c h  h a s  a  
r e g u l a t o r y  f u n c t i o n  up o n  g r o w t h  o f  N. c r a s s a  and  c a u s e s  t h e  
p r o d u c t i o n  o f  l a r g e  s i n g l e  v a c n o l e s j  i t  i s  a s sum ed  t o  be t h e  
same g a l a c t o s a m i n e  p o l y m e r  a s  t h a t  i n  t h e  c e l l  w a l l .  The 
a c c u m u l a t i o n  o f  s u c h  a  m u c o p o l y s a c c h a r i d e  d u r i n g  a b n o r m a l  
w a l l  s y n t h e s i s  i n  t r e a t e d  c e l l s  m i g h t  e x p l a i n  t h e  a p p e a r a n c e  
o f  n u m e ro u s  v a c u o l e s .
The s u s t a i n e d  s y n t h e s i s  o f  c e l l  w a l l s  i n  s p i t e  o f  t h e  
e v e n t u a l  i n h i b i t i o n  o f  p r o t e i n  and  n u c l e i c  a c i d  s y n t h e s i s  i s  
n o t  u n i q u e  t o  b e n o m y l - g r o w n  N e u r o s p o r a . S m i t h  and  M a r c h a n t
( 1 9 6 9 ) f o u n d  t h a t  R h o d o t o r u l a  g l u t i n i s  ( y e a s t )  g rown i n  t h e  
p r e s e n c e  o f  c h l o r a m p h e n i c o l  c o n t i n u e d  t o  p r o d u c e  n o r m a l  w a l l  
m a t e r i a l  w h ic h  r e s u l t e d  i n  e x p a n d e d  c e l l  w a l l s  w i t h  a r e a s  o f  
l o c a l  t h i c k e n i n g .  A s i m i l a r  phenomenon o c c u r r e d  when p r o t e i n  
s y n t h e s i s  i n  S t r e p t o c o c c u s  f a e c a l i s  was h a l t e d  by c h l o r a m ­
p h e n i c o l  o r  amino a c i d  s t a r v a t i o n  (Shockm an ,  1 9 6 5 ) .  A l s o ,  
T h r e l f a l l  ( 1 9 7 2 )  f o u n d  t h a t  t h e  e f f e c t s  o f  p e n t a c h l o r o n i t r o -
b e n ze n e  i n  A a p e r g i l l u s  n i d u l a n s  w ere  m a n i f e s t e d  t h r o u g h  
e n l a r g e d  c e l l  w a l l s  and  an  i n c r e a s e  i n  h e x o s a m i n e .  I t  i s
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i n t r i g u i n g  t o  s p e c u l a t e  t h a t  benom yl  m i g h t  i n h i b i t  g r o w t h  
t h r o u g h  i n t e r f e r e n c e  w i t h  s y n t h e s i s  a n d / o r  a s s e m b l y  o f  c e l l  
w a l l  c o m p o n e n t s .  A q u a l i t a t i v e  a n a l y s i s  o f  c e l l  w a l l s  o f  
s e l e c t e d  f u n g a l  s p e c i e s  h a s  shown t h a t  t h o s e  f u n g i  w h ic h  
c o n t a i n  g a l a c t o s e  a n d ,  i n  m o s t  c a s e s ,  g a l a c t o s a m i n e  a s  w a l l  
c o n s t i t u e n t s  a r e  a l s o  benom yl  s e n s i t i v e  (C roo k  and  J o h n s t o n ,  
1962» B o l l e n  and  F u c h s ,  1 9 7 0 ) .  The r e s i s t a n t  s p e c i e s  l a c k  
g a l a c t o s a m i n e  and  c o n t a i n  l i t t l e  o r  no g a l a c t o s e .  The m o d i ­
f i c a t i o n  i n  g l u c o s a m i n e  and  g a l a c t o s a m i n e  c o n t e n t  o f  benomyl  
t r e a t e d  N e u r o s p o r a  may i n d e e d  be a  r e s u l t  o f  i n t e r f e r e n c e  
w i t h  w a l l  f o r m a t i o n .  N e v e r t h e l e s s ,  i t  i s  d o u b t f u l  t h a t  t h i s  
i s  t h e  p r i m a r y  s i t e  o f  i n h i b i t i o n  s i n c e  s l i m e . w h ic h  d o e s  
n o t  h a v e  a  d e t e c t a b l e  c e l l  w a l l ,  i s  a l s o  a f f e c t e d  by t h e  
t o x i c a n t .
I n  s p i t e  o f  t h e  f a c t  t h a t  e l o n g a t i o n  i s  s e v e r e l y  im­
p e d ed  by b e n o m y l ,  l i q u i d  c u l t u r e s  c o n t i n u e  t o  i n c r e a s e  i n  
c e l l  m a s s ,  e v e n  a t  h i g h  c o n c e n t r a t i o n s  o f  t h e  f u n g i c i d e .
The i m p l i c a t i o n s  a r e  t h a t  c e r t a i n  o f  t h e  c e l l u l a r  m e t a b o l i c  
f u n c t i o n s  r e m a i n  u n i n h i b i t e d .  I n  f a c t ,  t h e s e  s t u d i e s  have  
shown,  a s  d i s c u s s e d  a b o v e ,  t h a t  c e l l  w a l l  s y n t h e s i s  d o e s  go 
on and  p r o t e i n  s y n t h e s i s  i s  m a i n t a i n e d  f o r  some 16 h o u r s  
a f t e r  a d d i t i o n  o f  b e n o m y l .  B i o s y n t h e s i s  r e q u i r e s  e n e r g y 1 
t h e r e f o r e  i t  i s  u n l i k e l y  t h a t  m i t o c h o n d r i a l  r e s p i r a t i o n  i s  a  
t a r g e t  f o r  i n h i b i t o r y  a c t i v i t y .  C o n t r a r y  t o  e x p e r i m e n t s  
w i t h  y e a s t  ( S a y ,  1 9 7 0 ) ,  t h e r e  i s  a b s o l u t e l y  no e f f e c t  on 
r e s p i r a t i o n  by c o n c e n t r a t i o n s  o f  benom yl  e q u a l  t o  o r  g r e a t e r  
t h a n  t h o s e  w h ic h  i n h i b i t  g r o w t h .  N e i t h e r  d o e s  t h e r e  a p p e a r
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t o  be a n y  a l t e r a t i o n  i n  o x i d a t i v e  p h o s p h o r y l a t i o n ,  s i n c e  
u n c o u p l i n g  a c t i v i t y  i s  u s u a l l y  a c c o m p a n ie d  by an  i n c r e a s e  i n  
0 2 u p t a k e ,  and  no s u c h  d e v e l o p m e n t  was d e t e c t e d  d u r i n g  r e ­
s p i r a t o r y  s t u d i e s  on i s o l a t e d  m i t o c h o n d r i a  i n  t h e  p r e s e n c e  
o f  benom yl  ( D r s .  H. J .  C o l v i n  and E l i z a b e t h  E u b a n k s ,  p e r ­
s o n a l  c o m m u n i c a t i o n ) .  T h e r e f o r e ,  a l t h o u g h  c r o s s  r e s i s t a n c e  
b e tw e e n  benom yl  and  t h i a b e n d a z o l e  h a s  b e en  d e m o n s t r a t e d  i n  
some o r g a n i s m s  ( B a r t e l s - S c h o o l e y  and  M a c N e i l l ,  1 9 7 1 1 H a s t i e  
and  G e o r g o p o u l o s ,  1 9 7 1 ) ,  i t  i s  u n l i k e l y  t h a t  benom yl  i n ­
h i b i t s  r e s p i r a t i o n  a s  d o e s  t h i a b e n d a z o l e .
The e f f e c t s  o f  benom yl  on p r o t e i n  s y n t h e s i s  a r e  v e r y  
l o n g  t e r m  o n e s ,  and  m u s t  be c o n s i d e r e d  s e c o n d a r y  e f f e c t s .  
S i m i l a r  r e s u l t s  w e re  o b t a i n e d  by D e c a l l o n e  and M e y e r  ( 1 9 7 2 )  
and  C lem ons  and  S i s l e r  ( 1 9 7 1 ) .  The o n l y  e x c e p t i o n  i s  t h e  
im m e d ia te  i n h i b i t i o n  o f  p r o t e i n  s y n t h e s i s  i n  t h e  y e a s t ,  S .  
p a s t o r i a n u s . by  benom yl  (H a m m e rsch la g  and  S i s l e r ,  1 9 7 2 ) .  I n  
N. c r a s g a , amino a c i d  a n a l y s i s  d i d  n o t  i n d i c a t e  benom yl  
i n t e r f e r e n c e  w i t h  s p e c i f i c  amino  a c i d  s y n t h e t i c  p a t h w a y s .  
C u r i o u s l y ,  t h r e e  am ino  a c i d s  w h ic h  w e re  more c o n c e n t r a t e d  i n  
t r e a t e d  m y c e l i a  a r e  t h o s e  w h ic h  a c t  a s  f e e d b a c k  i n h i b i t o r s  
( l y s i n e ,  t h r e o n i n e  and  p r o l i n e ) ,  and  two a r e  p a r t  o f  t h e  
same a n a b o l i c  p a th w a y  ( g l u t a m a t e  and  a r g i n i n e ) .  T h e s e  f a c t s  
p r o b a b l y  h a v e  no r e l e v a n c e  t o  t h e  mode o f  a c t i o n  o f  b e n o m y l ,  
b u t  may r e f l e c t  a  d i s i n t e g r a t i o n  o f  c o n t r o l  m e c h a n i s m s  i n  
t r e a t e d  c e l l s .
The a b s e n c e  o f  i n v e r t a s e  a c t i v i t y  i s  e v i d e n t l y  a n o t h e r  
s e c o n d a r y  e f f e c t  o f  benom yl  and  i s  n o t  t h e  c a u s e  o f  g r o w t h
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s u p p r e s s i o n *  C u l t u r e s  w h i c h  w e r e  grown on g l u c o s e  w i t h  v a r ­
i o u s  c o n c e n t r a t i o n s  o f  benom yl  w e re  s t i l l  s u s c e p t i b l e  t o  t h e  
f u n g i c i d e i  h o w e v e r ,  a t  low l e v e l s  o f  benom yl  t h e r e  was some 
c o m p e n s a t o r y  e f f e c t  o f  t h e  g l u c o s e  i n d i c a t i n g  i n v e r t a s e  i n ­
a c t i v a t i o n  due  t o  t h e  t o x i c a n t .  A c t i v e  i n v e r t a s e ,  a  g l y c o ­
p r o t e i n ,  i s  fo rm e d  by a d d i t i o n  o f  c a r b o h y d r a t e  t o  t h e  
p r e v i o u s l y  s y n t h e s i z e d  p r o t e i n .  The m a n i f e s t a t i o n s  o f  b e n o ­
myl t r e a t m e n t  upon  c a r b o h y d r a t e  m e t a b o l i s m  may p r e v e n t  t h i s  
p r o c e s s ,  t h u s  r e s u l t i n g  i n  an  i n a c t i v e  enzym e.
B e n z i m i d a z o l e  h a s  b e e n  r e c o g n i z e d  by many s c i e n t i s t s  a s  
a  p u r i n e  a n a l o g u e  b e c a u s e  i t s  t o x i c i t y  t o  y e a s t  and  b a c t e r i a  
was  r e v e r s e d  by a d e n i n e  and g u a n i n e  ( W o o l l e y ,  19^*0 * I n  
p l a n t s ,  t h e  compound i s  u p g r a d e d  t o  a  n u c l e o t i d e  a n d  t h e n  
i n c o r p o r a t e d  i n t o  n u c l e i c  a c i d s  o r  c o en z y m e s  (K a p o o r  and 
Waygood, 1 9 6 5 a , b ) .  S e v e r a l  r e s e a r c h e r s  w o r k i n g  w i t h  b e n z i ­
m i d a z o l e  f u n g i c i d e s  hav e  t h o u g h t  t h e s e  compounds a l s o  a c t  a s  
p u r i n e  a n a l o g u e s  ( S i s l e r ,  1 9 6 9 ) .  T h e r e f o r e  t h e  l a g  p e r i o d  
a s s o c i a t e d  w i t h  benom yl  t o x i c i t y  may r e p r e s e n t  t h e  t i m e  r e ­
q u i r e d  f o r  r i b o s y l a t i o n  and  p h o s p h o r y l a t i o n  o f  t h e  compound 
t o  a  t o x i c  d e r i v a t i v e .  I f  benomyl  d o e s  a c t  a s  a  p u r i n e  a n a ­
l o g u e ,  a d d i t i o n  o f  p u r i n e s  o r  t h e i r  m e t a b o l i t e s  t o  t r e a t e d  
c u l t u r e s  s h o u l d  r e v e r s e  i n h i b i t i o n .  U s i n g  n u m e ro u s  compounds 
a s s o c i a t e d  w i t h  p u r i n e  (an d  p y r i m i d i n e )  b i o s y n t h e s i s ,  we 
f o u n d  no  r e l i e f  o f  t o x i c i t y .  T h e s e  r e s u l t s  a g r e e  w i t h  t h o s e  
o f  D e c a l l o n e  and  M eyer  ( 1 9 7 2 )  b u t  n o t  w i t h  t h o s e  r e p o r t e d  by 
B a r t e l s - S c h o o l e y  and  M a c N e i l l  ( 1 9 7 1 ) .  H ow ever ,  o t h e r  e v i ­
d e n c e  h a s  e m e rg ed  f ro m  o u r  e x p e r i m e n t s  w h ic h  i n d i c a t e s  t h a t
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benomyl  i n t e r v e n e s  i n  t h e  s y n t h e s i s  o f  n u c l e o t i d e s .
I k  3
I n c o r p o r a t i o n  o f  C - a d e n i n e  and H - u r i d i n e  i n t o  DNA 
and  RNA was n o t  d r a m a t i c a l l y  r e d u c e d  u n t i l  2 h o u r s  a f t e r  a d ­
d i t i o n  o f  b e n o m y l ,  t h u s  t h e  f u n g i c i d e  d o e s  n o t  f u n c t i o n  by 
i n h i b i t i n g  i n c o r p o r a t i o n  o f  n u c l e o t i d e s  i n t o  n u c l e i c  a c i d s .  
A c c o r d i n g  t o  W e i j e r  and  Koopmans ( 1 9 6 * ) ,  DNA s y n t h e s i s  i n  
g e r m i n a t i n g  c o n i d i a  r e q u i r e s  *  t o  6 h o u r s ,  b u t  a f t e r  g e r m i ­
n a t i o n  and  d u r i n g  r a p i d  h y p h a l  g r o w t h ,  DNA w i l l  d o u b l e  a l m o s t  
h o u r l y  p r i o r  t o  n u c l e a r  d i v i s i o n .  S i n c e  i n c o r p o r a t i o n  e x ­
p e r i m e n t s  w e re  c a r r i e d  o u t  on m y c e l i a l  c u l t u r e s ,  a  r a p i d  d r o p  
i n  i n c o r p o r a t i o n  o f  l a b e l e d  p r e c u r s o r s  w ou ld  be e x p e c t e d  i f  
DNA r e p l i c a t i o n  w e re  b e i n g  d i r e c t l y  i n h i b i t e d  and  no  s u c h  
r e d u c t i o n  was o b s e r v e d .  The s l i g h t  d e c r e a s e  i n  i n c o r p o r a t i o n  
o f  C ^ - a d e n i n e  a t  2 h o u r s  i n  t r e a t e d  c e l l s  ( T a b l e  8 )  may be 
s i g n i f i c a n t .  T h e s e  d a t a  m u s t  be i n t e r p r e t e d  c a u t i o u s l y  i n  
v i e w  o f  low s p e c i f i c  a c t i v i t i e s !  h o w e v e r ,  t h e  i n c r e a s e  o f  
l a b e l  i n  t h e  TCA s o l u b l e  f r a c t i o n  i n d i c a t e s  t h e  a c c u m u l a t i o n  
o f  n u c l e i c  a c i d  p r e c u r s o r s .
The i n c o r p o r a t i o n  o f  H ^ - u r i d i n e  i n t o  DNA and  RNA was
s t i m u l a t e d  i n i t i a l l y ,  s u g g e s t i n g  t h a t  benomyl  a f f e c t e d  t h e
s u p p l y  o f  n u c l e o t i d e s  f ro m  t h e  p o o l  s u c h  t h a t  e x o g e n o u s l y
a d d e d  u r i d i n e  was more  r a p i d l y  u t i l i z e d  i n  t r e a t e d  c u l t u r e s .
T h i s  e a r l y  i n c r e a s e  i n  i n c o r p o r a t i o n  was r e f l e c t e d  i n  t h e
1*d o u b l e  l a b e l i n g  e x p e r i m e n t s  when b o t h  C - a d e n i n e  and  
H ^ - u r i d i n e  w e re  r a p i d l y  t a k e n  u p  i n  t h e  a q u e o u s  f r a c t i o n  o f  
t r e a t e d  m y c e l i a  ( T a b l e  9 ) .  At 2 h o u r s ,  b o t h  c o n t r o l  and 
t r e a t e d  f r a c t i o n s  c o n t a i n e d  t h e  same am ount  o f  l a b e l ,  b u t  a t
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p e r i o d s  a f t e r  2 h o u r s ,  t r e a t e d  c e l l s  h ad  v e r y  l i t t l e  l a b e l  
i n  t h e  a q u e o u s  p o r t i o n  i n d i c a t i n g  t h e  s y n t h e s i s  o f  n u c l e i c  
a c i d  had  b e e n  i n h i b i t e d .  The d e c r e a s e  i n  r a d i o a c t i v i t y  i n  
t h e  a q u e o u s  f r a c t i o n  may mean t h a t  t h e  l a b e l  h a s  b e e n  r a n ­
d o m iz ed  i n t o  o t h e r  p a th w a y s  due  t o  t h e  b l o c k  i n  n u c l e o t i d e  
s y n t h e s i s .  A n a l y s i s  o f  t h e  m a t e r i a l  i n  t h e  m a j o r  p e a k  f rom  
D E A E -c e l lu lo B e  i d e n t i f i e d  t h e  m a t e r i a l  a s  a s p e c i e s  o f  RNA. 
S i n c e  i t  e l u t e d  f ro m  t h e  co lum n a t  0 . 7  M N a C l ,  t h i s  RNA i s  
p r o b a b l y  a  m o l e c u l e  o f  s m a l l  m o l e c u l a r  w e i g h t .  P r e s u m a b l y  
i t  i s  n o t  tRNA, b e c a u s e  an  i n h i b i t i o n  i n  s y n t h e s i s  o f  tRNA 
w o u ld  n o t  a l l o w  t h e  c o n t i n u a t i o n  o f  p r o t e i n  s y n t h e s i s .  T h i s  
RNA may be f r a g m e n t e d  RNA (d u e  t o  p r e p a r a t i o n  and  n u c l e a s e  
a c t i v i t y )  o r  some e s s e n t i a l  p o l y n u c l e o t i d e .  The r e m a i n i n g  
h i g h  m o l e c u l a r  w e i g h t  n u c l e i c  a c i d s  w ere  n o t  m e a s u r e d  i n  
t h i s  e x p e r i m e n t  s i n c e i  1) l o s s  o c c u r r e d  t h r o u g h  p r e c i p i t a ­
t i o n  a t  t h e  e t h e r i w a t e r  i n t e r f a c e  d u r i n g  e t h e r  e x t r a c t i o n  o f  
p h e n o l ,  and  2 )  m o s t  n u c l e i c  a c i d s  c a n  n o t  be e l u t e d  f rom  
D E A E - c e l l u l o s e  due t o  t h e  s t r o n g  b i n d i n g  f o r c e s  b e tw e e n  t h e  
e x c h a n g e r  and  l a r g e  p o l y n u c l e o t i d e s .
Q u a n t i t a t i o n  o f  u n l a b e l e d  DNA and  RNA i n  c o n t r o l  and 
t r e a t e d  c u l t u r e s  u p  t o  8 and  16 h o u r s  c o n f i r m e d  t h a t  n u c l e i c  
a c i d  s y n t h e s i s  was  i n d e e d  a f f e c t e d  a f t e r  t h e  1 -  t o  2 - h o u r  
l a g .  When n u c l e i c  a c i d s  w e re  p r e c i p i t a t e d  w i t h  c o l d  TCA 
f o l l o w e d  by  b a s e  h y d r o l y s i s  o f  t h e  RNA and  e x t r a c t i o n  o f  DNA 
f ro m  t h e  r e m a i n i n g  p e l l e t ,  t h e  f o l l o w i n g  r e s u l t s  w e re  o b ­
t a i n e d  i a g a i n ,  t h e r e  was s t i m u l a t i o n  o f  DNA and  RNA s y n ­
t h e s e s  s u c c e e d e d  f i r s t  by i n h i b i t i o n  o f  DNA s y n t h e s i s  and
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t h e n  o f  RNA s y n t h e s i s  ( F i g u r e  1 8 ) .  T h e r e f o r e  i t  w o u ld  seem 
t h a t  DNA i s  t h e  u l t i m a t e  t a r g e t .  C lem ons  and  S i s l e r  (1 9 7 1 )  
have  s u g g e s t e d  MBC a c t s  i n  t h i s  m a n n e r .  On t h e  o t h e r  h a n d ,  
when N e u r o s p o r a  was s o n i c a t e d  and  t h e  c e l l  w a l l s  rem oved  
p r i o r  t o  p r e c i p i t a t i o n  and  e x t r a c t i o n  o f  RNA and  DNA, t h e  
r e s u l t s  w e re  som ewhat  d i f f e r e n t .  RNA s y n t h e s i s  was i n h i b ­
i t e d  i n i t i a l l y  ( F i g u r e  2 1 ) ,  r e c o v e r e d  a t  2 h o u r s ,  and t h e n  
was r a p i d l y  i n h i b i t e d  a g a i n .  A l t h o u g h  t h e  i n i t i a l  d e c r e a s e  
may be due t o  e x p e r i m e n t a l  e r r o r ,  t h i s  i s  u n l i k e l y ,  s i n c e  
t h e  a s s a y  o f  l a b i l e  p h o s p h o r u s  a l s o  showed an  i n i t i a l  i n ­
c r e a s e .  L a b i l e  p h o s p h o r u s  i s  r e p r e s e n t e d  by s u c h  compounds 
a s  ATP, ADP, UDP, r i b o s e -  , d e o x y r i b o s e -  , a l d o s e -  and 
f r u c t o s e - l - p h o s p h a t e  and  i n o r g a n i c  p y r o p h o s p h a t e » t h e r e f o r e ,  
t h e  p l o t  o f  l a b i l e  p h o s p h o r u s  i n  t r e a t e d  c e l l s  ( F i g u r e  22)  
s t r o n g l y  s u g g e s t s  an  i n c r e a s e  o f  t h e s e  compounds i n  t h e  c y t o ­
p l a s m i c  f r a c t i o n  a t  a  t i m e  when RNA s y n t h e s i s  i s  s u p p r e s s e d .  
A l t h o u g h  no  s p e c i a l  p r e c a u t i o n s  w ere  t a k e n  t o  a v o i d  n u c l e a s e  
d e s t r u c t i o n ,  t h e  d a t a  a p p e a r  t o  be v a l i d  ( i . e . ,  a n a l y s i s  o f  
RNA d i d  n o t  show e r r a t i c  r e s u l t s ) .  DNA was n o t  d e t e r m i n e d  
i n  t h e s e  s a m p l e s ,  b u t  i t  seem s t h a t  t h i s  p r e p a r a t i v e  m e th o d  
i s o l a t e d  RNA w h i c h  shows s l i g h t l y  more i n h i b i t o r y  e f f e c t s  
f ro m  benom yl  t h a n  t h e  p r e c e d i n g  o n e .
The d i s t r i b u t i o n  o f  n u c l e o t i d e s ,  n u c l e o s i d e s  and  b a s e s  
a f f o r d s  t h e  s t r o n g e s t  e v i d e n c e  t h a t  benomyl c a u s e s  a  r e d u c ­
t i o n  i n  n u c l e i c  a c i d  s y n t h e s i s  i n d i r e c t l y  by a f f e c t i n g  t h e  
s u p p l y  o f  n u c l e o t i d e s  t o  t h e  p o o l .  C o n c e n t r a t i o n s  o f  AMP
148
and  ADP w ere  r e d u c e d  by  o n e - h a l f t  t h e  c o n t e n t  o f  UMP and  
p o s s i b l y  UTP was d e c r e a s e d !  u r a c i l  and  u r i d i n e  a p p e a r e d  t o  
be a b s e n t .  The l a r g e  q u a n t i t y  o f  a d e n o s i n e  ( o r  a d e n i n e )  
p r e s e n t  i n  t r e a t e d  m a t e r i a l  i m p l i e s  a  b l o c k  i n  p h o s p h o r y l a ­
t i o n  o f  a d e n o s i n e .  The f l u o r e s c e n t  c o m p o n en t  w h ic h  p o s s e s s e d  
c h r o m a t o g r a p h i c  p r o p e r t i e s  s i m i l a r  t o  t h o s e  o f  a d e n o s i n e  s u b ­
s t a n t i a t e s  t h e  p o s s i b i l i t y  t h a t  benom yl  may be r i b o s y l a t e d  
and  p h o s p h o r y l a t e d  s i n c e  benom yl  i t s e l f  i s  f l u o r e s c e n t .  
S e v e r a l  o t h e r  p u r i n e  a n a l o g u e s ,  s u c h  a s  8 - a z a g u a n i n e ,  6 -  
m e r c a p t o p u r i n e  and  2 , 6 - d i a m i n o p u r i n e  a r e  known t o  a f f e c t  
c o n t r o l  o f  p h o s p h o r i b o s y l  p y r o p h o s p h a t e  and n u c l e o s i d e  p y r o -  
p h o s p h o r y l a s e s  i n  mammalian  s y s t e m s  ( H i t c h i n g s  and E l i o n ,  
1 9 6 3 ) .  Benomyl i t s e l f  m i g h t  be u p g r a d e d  t o  a  n u c l e o t i d e  and 
become i n c o r p o r a t e d  i n t o  n u c l e i c  a c i d  i n  a  s i m i l a r  m a n n e r  a s  
8 - a z a g u a n i n e  w h i c h  h a s  b e e n  shown t o  r e p l a c e  4 0 #  o f  t h e  
g u a n i n e  i n  RNA and  1% o f  t h e  g u a n i n e  i n  DNA o f  B a c i l l u s  
c e r e u s  ( H i t c h i n g s  a n d  E l i o n ,  1 9 6 3 ) .  I f  benom yl  w e re  t o  b e ­
come i n c o r p o r a t e d  i n t o  DNA, h o w e v e r ,  i t  m ig h t  e x e r t  a  m u ta ­
g e n i c  e f f e c t  l i k e  t h a t  f o u n d  w i t h  5 - b r o m o u r a c i l  and  2 - a m i n o ­
p u r i n e .  O ur  r e s u l t s  ( T a b l e  1 3 )  g a v e  l i t t l e  i n d i c a t i o n  t h a t  
benom yl  i s  m u t a g e n i c ,  and  c r i t i c a l  e x a m i n a t i o n  o f  t h e  work 
by S e i l e r  ( 1 9 7 2 ,  1 9 7 3 a , b )  and  D a s s e n o y  and  M eyer  ( 1 9 7 3 )  d o e s  
n o t  s u p p o r t  t h i s  t y p e  o f  f u n c t i o n  f o r  t h e  compound.
A l t e r n a t i v e l y ,  benom yl  may i n t e r f e r e  w i t h  t h e  s y n t h e s i s
o f  p u r i n e  n u c l e o t i d e s  by c o m p e t i n g  f o r  a n a b o l i c  e n z y m e s ,
s u c h  a s  t h e  i n h i b i t i o n  o f  o r o t i d i n e - 5 ' - p h o s p h a t e  d e c a r b o x y l ­
a s e  by 6 - a z a u r a c i l  w h i c h  i s  c o n v e r t e d  t o  6 - a z a u r i d i n e - 5 ' -
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p h o s p h a t e  by t h e  f u n g u s  ( D e k k e r ,  1 9 6 6 ) .
The e f f e c t  o f  benom yl  on p y r i m i d i n e  m e t a b o l i s m  i s  more 
o b s c u r e .  C e r t a i n l y  t h e r e  i s  an  a l t e r a t i o n  i n  t h e  d i s t r i b u ­
t i o n  o f  n u c l e o t i d e s ,  and  t h e  i n c r e a s e  i n  UDPG s u g g e s t s  t h a t  
e x c e s s  UDP ( t e n t a t i v e l y  i d e n t i f i e d  a s  c o m p o n e n t  2 ,  T a b l e  10) 
i s  u s e d  t o  fo rm  UDPG w h i c h  t h e n  f u n c t i o n s  a s  a  d o n o r  f o r  
g l u c o s e  ( a n d  g a l a c t o s a m i n e )  i n  c e l l  w a l l  s y n t h e s i s  o f  t h e  
/3- 1 , 3- g l u c a n  ( a n d  t h e  g a l a c t o s a m i n e  p o l y m e r ) .
H am raersch lag  and  S i s l e r  (1 9 7 3 )  and  D a v i d s e  (1 9 7 3 )  have  
p r o v i d e d  some e v i d e n c e  t h a t  benom yl  i n h i b i t s  m i t o s i s ,  and 
H a s t i e  ( 1 9 7 0 )  p o s t u l a t e d  t h a t  benom yl  i n d u c e d  a b n o r m a l  gene  
s e g r e g a t i o n  t o  p r o d u c e  i n s t a b i l i t y  among d i p l o i d s  o f  A s p e r ­
g i l l u s . I n  a d d i t i o n ,  i t  h a s  b e e n  d e m o n s t r a t e d  t h a t  c e r t a i n  
c a r b a m a t e s  p r e v e n t  m i t o s i s  by i n t e r f e r e n c e  w i t h  s p i n d l e  
f o r m a t i o n  (A u d u s ,  1 9 6 4 1 B a n e r j e e  and  M a r g u l i s ,  1969» H e p l e r  
and  J a c k s o n ,  1 9 6 8 ) i n  a  m a n n e r  l i k e  t h e  b i n d i n g  o f  c o l ­
c h i c i n e  t o  m i c r o t u b u l e s  ( B o r i s y  and  T a y l o r ,  1 9 6 7 ) .  B e c a u se  
t h e  p r o d u c t i o n  o f  a s c o s p o r e s  i n  N e u r o s p o r a  i n v o l v e s  b o t h  
m e i o s i s  and  m i t o s i s ,  any  i n c r e a s e  i n  p r o d u c t i o n  o f  w h i t e  
s p o r e s  s h o u l d  i n d i c a t e  a b n o r m a l  s e g r e g a t i o n  o f  g e n e s  d u r i n g  
one o f  t h e s e  d i v i s i o n s .  O ur  d a t a  shows a  s l i g h t  i n c r e a s e  i n  
w h i t e  s p o r e s  w i t h  i n c r e a s i n g  c o n c e n t r a t i o n  o f  b e n o m y l .  How­
e v e r ,  t h e  p e r c e n t  i n c r e a s e  i s  n o t  l a r g e ,  and  t h e  r e s u l t s  
f ro m  s e v e r a l  e x p e r i m e n t s  w e re  i n c o n s i s t e n t .  A t t e m p t s  t o  
exam in e  n u c l e a r  a c t i v i t y  by c y t o l o g i c a l  s t a i n s  w e re  u n s u c ­
c e s s f u l .  H ow ever ,  e l e c t r o n  m i c r o g r a p h s  d i d  n o t  r e v e a l
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a b n o r m a l i t i e s  i n  n u c l e a r  s t r u c t u r e  o r  i n  t h e  nu m b er  o f  n u c l e i  
p e r  c e l l .  T h e r e f o r e ,  i t  c a n  be c o n c l u d e d  t h a t  i n  N e u r o s p o r a . 
benom yl  d o e s  n o t  a c t  on n u c l e a r  d i v i s i o n .  I n  N e u r o s p o r a  
c e l l  d i v i s i o n  ( o r  e l o n g a t i o n  and  s e p tu m  f o r m a t i o n )  and  n u ­
c l e a r  d i v i s i o n  a r e  s e p a r a t e  e v e n t s j  t h u s ,  e v e n  t h o u g h  benomyl  
i n h i b i t s  e l o n g a t i o n  i t  n e e d  n o t  do so  by e x e r t i n g  i t s  e f f e c t  
on t h e  n u c l e u s .
The f a c t  t h a t  low c o n c e n t r a t i o n s  o f  benom yl  s u p p r e s s  
g r o w t h  o f  N e u r o s p o r a  s u g g e s t s  t h a t  t h e  t o x i c a n t  a c t s  a s  a 
s p e c i f i c  e n z y m a t i c  i n h i b i t o r .  C l u e s  t o  i t s  mode o f  a c t i o n  
m i g h t  e v o l v e  f ro m  g e n e t i c  s t u d i e s  o f  r e s i s t a n t  m u t a n t s .  We 
w ere  i n t e r e s t e d  i n  d e t e r m i n i n g  w h e t h e r  r e s i s t a n c e  was c o n ­
t r o l l e d  by  one o r  more g e n e t i c  l o c i  and  w h e t h e r  t n e  r e s i s t a n t  
a l l e l e  was d o m i n a n t .  G e n e t i c s  maps o f  a  r e p r e s e n t a t i v e  sam­
p l i n g  f ro m  t h e  t o t a l  n um b er  o f  r e s i s t a n t  m u t a n t s  i s o l a t e d  
h a v e  c l e a r l y  i l l u s t r a t e d  t h a t  one  l o c u s  i s  r e s p o n s i b l e  f o r  
r e s i s t a n c e .  T h i s  i s  s i m i l a r  t o  t h e  g e n e t i c  c o n t r o l  o f  
a c t i d i o n e  ( c y c l o h e x i m i d e ) r e s i s t a n c e  i n  t h e  M yxom ycete ,  
Ph v sa ru m  p o l y c e p h a l i u m  (D ee ,  1 9 6 6 ) .  H ow ever ,  i t  i s  c o n ­
c e i v a b l e  t h a t  o t h e r  l o c i  e x i s t  i n  N. c r a s s a  s i n c e  t h e r e  a r e  
e i g h t  f o r  a c t i d i o n e  r e s i s t a n c e  i n  S .  c e r e v i s i a e  ( B r u s i c k ,  
1972)  i n  a d d i t i o n  t o  r e c e s s i v e  m o d i f i e r  g e n e s  w h i c h  c o n f e r  
g r e a t e r  d e g r e e s  o f  r e s i s t a n c e  ( W i l k i e  and  L e e ,  1 9 6 5 ) .
H a s t i e  and  G e o r g o p o u l o s  (1 9 7 1 )  hav e  d i s c o v e r e d  two u n l i n k e d  
a l l e l e s  c o n f e r r i n g  benomyl r e s i s t a n c e  i n  A. n i d u l a n s . and  
b o t h  a r e  r e c e s s i v e .  P r e l i m i n a r y  t e s t s  o f  h e t e r o k a r y o n s  i n
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N. c r a a a a  c o n t a i n i n g  b e n r  an d  b e n 8 a l l e l e a  hav e  i n d i c a t e d  
t h a t  b e n r  i s  d o m in a n t  s i n c e  t h e  h e t e r o k a r y o n s  d i s p l a y e d  t h e  
same t o l e r a n c e  l e v e l s  a s  t h e  h a p l o i d  m u t a n t .  Dominance 
o v e r  t h e  w i l d  t y p e  a l l e l e  i s  n o t  u n u s u a l ;  Hsu ( 1 9 6 3 ) fo u n d  
two u n l i n k e d  d o m in a n t  l o c i  i n  N. c r a s s a  f o r  a c t i d i o n e  
r e s i s t a n c e .
The b e n o m y l - r e s i s t a n t  m u t a n t s  o f  N e u r o s p o r a  w h i c h  have  
b e e n  mapped do n o t  show t h e  same t o l e r a n c e  l e v e l s ,  and 
d o s a g e  r e s p o n s e  c u r v e s  a r e  b i p h a 3 i c  w h ic h  m i g h t  im p ly  b e n o ­
myl h a s  more t h a n  one s i t e  o f  a c t i o n ;  h o w e v e r ,  t h e s e  b i p h a s  
c u r v e s  may o n l y  r e p r e s e n t  t h e  p e r m e a b i l i t y  p r o p e r t i e s  o f  t h e  
m u t a n t s  w i t h  r e s p e c t  t o  b e n o m y l .
No a t t e m p t s  have  b e e n  made i n  t h i s  i n v e s t i g a t i o n  t o  
d e t e r m i n e  t h e  m ech an ism  o f  r e s i s t a n c e .  I t  i s  w i d e l y  b e ­
l i e v e d  t h a t  a l l  r e s i s t a n c e  t o  p u r i n e  a n a l o g u e s  i n v o l v e s  t h e  
p y r o p h o s p h o r y l a s e s  ( H i t c h i n g s  and  E l i o n ,  1963)*  One c a n  
n o t  assum e t h a t  benom yl  i s  a  p u r i n e  a n a l o g u e  i n  t h i s  p h a s e  
o f  t h e  i n v e s t i g a t i o n  i n t o  i t s  mode o f  a c t i o n .  The e v i d e n c e  
p r e s e n t e d  i n  t h i s  d i s s e r t a t i o n ,  when t a k e n  c o l l e c t i v e l y ,  
i m p l i c a t e s  benomyl a s  i n t e r f e r i n g  w i t h  t h e  s y n t h e s i s  o f  
n u c l e o t i d e s ,  p a r t i c u l a r l y  p u r i n e  n u c l e o t i d e s ,  so  a s  t o  
d e p l e t e  t h e  s u p p l y  a v a i l a b l e  f o r  n u c l e i c  a c i d  b i o s y n t h e s i s .  
The r a m i f i c a t i o n s  o f  t h e s e  e f f e c t s  a r e  t h e n  r e f l e c t e d  i n  t h e  
f o r m a t i o n  o f  more c e l l  w a l l  m a t e r i a l  and  i n  t h e  a l t e r a t i o n s  
i n  m o r p h o g e n e s i s  w h ic h  h a v e  b e e n  o b s e r v e d .
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T ab le  1 . P h en o ty p ic  s c o r in g  o f  a sc o sp o r e  i s o l a t e s  from  c r o s s e s  betw een  r e s i s t a n t  m utants
and a l c o y .
Number o f  
m u t a n t
P h e n o ty p e
c o t c o t
T o t a l i  
*  germi-
a l y l o + y l o “ a l y l o * y l o ”
n a x io r
578 b e n s 7 9 0 5 12 0 67ben 10 10 11 5 0 3 58*
5107 b e n s 21 19 0 12 6 0 84b e n 3 10 1 7 2 0 6 58*
111 b e n s 15 18 0 6 15 0 105ben 14 1 15 10 0 11 89*
119 b e n s 11 7 0 17 17 0 102b e n 8 0 1 8 17 1 13 -
123 b e n s 16 6 0 7 7 0 84ben 16 2 15 11 2 2 -
128 b € n s 14 16 0 15 10 0 I l lben 2? 0 7 13 4 10 81*
159 ben* 13 11 0 13 9 1 97
ben 15 1 12 14 0 8 77*
Numbers o f  progeny are g iv e n  in  th e  body o f  th e  t a b l e .
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T ab le  1 . P h en o ty p ic  s c o r in g  o f  a sc o sp o r e  i s o l a t e s  from  c r o s s e s  betw een  r e s i s t a n t  m utan ts
and a l c o y .
Number o f  
m u t a n t
P h e n o ty p e
c o t c o t
T o t a l i  
*  germi-
a l y l o + y l o “ a l y l o * y l o ”
n a x io r
578 b e n s 7 9 0 5 12 0 67ben 10 10 11 5 0 3 58%
5107 b e n s 21 19 0 12 6 0 84ben 10 1 7 2 0 6 58%
111 b e n s 15 18 0 6 15 0 105ben 14 1 15 10 0 11 89%
119 b e n s 11 7 0 17 17 0 102b e n 8 0 1 8 17 1 13 -
123 berig 16 6 0 7 7 0 84
ben 16 2 15 i i 2 2 -
128 b e n s 14 16 0 15 10 0 I l lben 22 0 7 13 4 10 81*
159 henj- 13 11 0 13 9 1 97
ben 15 1 12 14 0 8 77%
Numbers o f  progeny are g iv e n  in  th e  body o f  th e  t a b l e .
T a b l e  2 .  P h e n o t y p i c  s c o r i n g  o f  a s c o s p o r e s  i s o l a t e d  f rom  c r o s s e s  b e tw e e n  r e s i s t a n t  m u t a n t s  
and  s t r a i n s  1207 and 1208 .  Numbers o f  p r o g e n y  a r e  g i v e n  i n  t h e  body o f  t h e  
t a b l e .
Number o f  
m u ta n t
P h e n o ty p e T o t a l i  
*  g e r m i ­
n a t i o ny l o + , t r y p + y l o + , t r y p “ y l o ” , t r y p + y l o “ , t r y p “
511 b e n s 12 18 3 0 57ben 0 2 13 9 64*
516 b en £ 17 13 1 0 65
ben 1 0 15 18 83*
526 b en^ 33 36 1 2 112
ben 0 1 11* 25 -
5210 b e n ^ 37 32 0 2 144
ben 6 4 32 32 84*
5^7 b e n r 22 23 1 2 101
b e n 8 0 0 31 22 88*
572 ben£ 25 27 0 1 101
ben 0 1 25 22 85*
5810 berig 18 25 1 0 72
ben 0 1 13 14 -
5102 ben** 35 31 0 4 142
ben 2 3 38 29 -
5107 ben^L 22 32 1 1 I l l
ben 1 2 26 26 90*
*7
91
T ab le 2 c o n tin u e d .
Number o f  
m u ta n t
P h e n o ty p e T o t a l i  
*  g e r m i ­
n a t i o ny l o + , t r y p + y l o + , t r y p “ y l o ” , t r y p + y l o “ , t r y p ”
5128 b e n s 25 19 1 1 81ben 1 0 16 18 70*
119 ben* 32 25 2 1 136
ben 1 5 32 3^ 95%
123 b e n * 23 22 0 1 107
ben 1 0 36 2k 60*
128 ben* 13 16 1 2 101
ben 0 0 23 k e -
159 berig 21 35 1 3 110
ben k 0 23 23 93*
Ov
V-n
T a b l e  3 . L in k a g e  d a t a  f o r  b e n r  r e l a t i v e  t o  t r y p - 2  and y l o - 1 .
Z y g o te  g e n o ty p e  1 ♦  b e n r  +
t r y p - 2  + y l o - 1
Number P a r e n t a l  R e c o m b i n a t i o n s  *  R e c o m b i n a t i o n s  T o t a l 1
o f  c o m b i n a t i o n s  ------------------------------------------------------  ---------------------------------  *  g e r m i -
m u t a n t  S i n g l e s  S i n g l e s  D o u b le s  R e g io n  R e g io n  n a t i o n
r e g i o n  1 r e g i o n  2 r e g i o n s  1 2
1 and 2
511 63 17 0 5 18 4 . 0 124
75*
519 62 12 0 3 15 2 . 9 103
86*
526 69 22 0 20 3 .1 130
82*
5210 73 14 0 6 16 4 . 8 124
83*
55? 52 17 0 3 22 3 -3 90
38*
572 69 18 0 4 18 3 .2 124
82*
566 59 26 1 1 26 1 . 8 114
56*
5610 69 13 1 4 15 3-5 113
78*
166
T ab le 3 c o n t in u e d .
Number
o f
m u t a n t
P a r e n t a l
c o m b i n a t i o n s
R e c o m b i n a t i o n s *  R e c o m b in a t io n s T o t a l ;
*  g e r m i ­
n a t i o nS i n g l e s  
r e g i o n  1
S i n g l e s  
r e g i o n  2
D o u b le s  
r e g i o n s  
1 and  2
R e g io n
1
R e g io n
2
5102 60 27 1 2 23 2 . k 127
81*
5107 82 19 0 k I k 3 . 0 132
93*
5128 72 2k 2 2 19 3 . 0 13^
56*
111 71 16 1 2 15 2 . 5 119
8k%
123 5k 15 1 k 17 3 .9 105
66*
128 73 11 0 0 9 . 6 0 I l k
39*
159 61 19 0 2 17 1 . 8 112
93*
R e g io n s  are  numbered from l e f t  t o  r ig h t  and numbers o f  progeny are g iv e n  in  th e  body o f
th e  t a b l e .
T a b l e  4 . L in k a g e  d a t a  f o r  b e n r  i 
Z y g o te  g e n o t y p e i  +
r e l a t i v e  t o  
b e n r  +
t r y p - 2  and c h o l - 2 .
t r y p - -2 + c h o l - 2
Number
o f
m u ta n t
P a r e n t a l
c o m b i n a t i o n s
Re c o m b i n a t i  ons *  R e c o m b i n a t i o n s T o t a l i  
*  g e r m i ­
n a t i o nS i n g l e s  
r e g i o n  1
S i n g l e s  
r e g i o n  2
D o u b le s  
r e g i o n s  
1 and  2
R e g io n
1
R e g io n
2
511 63 16 41 6 18 39 124
75*
519 62 8 28 7 15 34 103
86%
526 69 19 35 7 20 32 130
82%
5210 73 15 34 5 16 31 124
83*
557 52 14 17 6 22 26 90
38*
572 69 15 33 7 18 32 124
82*
586 59 14 16 13 24 33 114
56*
5810 69 12 28 5 15 29 113
78*
T ab le  4 c o n t in u e d .
Number
o f
m u t a n t
P a r e n t a l
c o m b i n a t i o n s
R e c o m b i n a t i o n s *  R e c o m b in a t io n s T o t a l i  
*  g e r m i ­
n a t i o nS i n g l e s  
r e g i o n  1
S i n g l e s  
r e g i o n  2
D o u b le s  
r e g i o n s  
1 and  2
R e g io n
1
R e g io n
2
5102 60 23 37 6 23 34 127
81*
5107 82 17 27 7 18 26 132
93*
5128 72 18 35 8 18 32 134
56*
111 71 12 30 6 15 30 119
84*
123 54 9 31 10 18 39 105
66*
128 73 5 30 6 9 . 6 32 114
59*
159 61 15 30 6 19 32 112
93*
R e g i o n s  a r e  num bered  
t h e  t a b l e .
f rom  l e f t  t o r i g h t  and n um b ers  o f p ro g e n y a r e  g i v e n  i n  t h e body o f
T a b l e  5 .  Mapping d a t a  f o r  t r y p - 2 . y l o - 1 . c h o l - 2 .
Z v « o te  c e n o t y o e i  ♦  ♦  +
t r y p = f  "ylb-T "" c K o I-2
Number
o f
m u t a n t
P a r e n t a l
c o m b i n a t i o n s
R e c o m b in a t io n s *  R e c o m b i n a t i o n s T o t a l i  
*  g e r m i ­
n a t i o nS i n g l e s  
r e g i o n  1
S i n g l e s  
r e g i o n  2
D o u b le s  
r e g i o n s  
1 and 2
R e g io n
1
R e g io n
2
511 63 12 41 6 15 39 124
75*
519 62 5 27 7 12 33 103
86*
526 69 16 35 8 17 35 130
82*
5210 73 10 34 4 11 31 124
83*
557 52 12 19 5 19 27 90
38*
572 69 11 36 7 15 35 124
82*
586 59 15 27 13 25 35 114
56*
5810 69 8 30 6 12 32 113
78*
T ab le  5 c o n t in u e d .
Number
o f
m u t a n t
P a r e n t a l
c o m b i n a t i o n s
R e c o m b in a t io n s % R e c o m b i n a t i o n s T o t a l i  
% g e r m i ­
n a t i o nS i n g l e s  
r e g i o n  1
S i n g l e s  
r e g i o n  2
D o u b le s  
r e g i o n s  
1 and  2
R e g io n
1
R e g io n
2
5102 60 28 38 7 21 35 127
81%
5107 82 12 28 7 14 27 13 2 
93%
5128 72 20 35 6 19 31 134
56%
111 71 16 36 1 14 31 119
84%
123 54 9 31 7 15 36 105
66%
128 73 6 30 6 10 32 114
89%
159 61 13 32 6 17 34 112
93%
R eg io n s  are numbered from  l e f t  t o  r ig h t  and numbers o f  p rogeny are g iv e n  in  th e  body o f
th e  t a b l e .
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